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Abstract
Increasing human populations and activities in coastal areas have
led to high nutrient loading and estuarine ecosystem decline. Natural
hydrological patterns in South Florida have been drastically altered by
changes in water management and land use practices. As a result Florida
Bay has experienced a series of negative ecosystem effects including
hypersalinity events, degradation of water quality, and harmful algal
blooms and declines in upper trophic level populations. To remediate
ecosystem decline in Florida’s coastal ecosystems, the Comprehensive
Everglades Restoration Plan proposes to restore a more natural
hydrologic flow in the Everglades. It is expected hydrologic restoration
efforts will change the amount, sources and ratios of dissolved nutrients
(organic and inorganic) delivered to the bay potentially inducing an
ecosystem response of changing structure and function in both planktic
and benthic habitats.
Identifying biogeochemical linkages between external nutrient
inputs from the Everglades and internal cycling processes of Florida Bay
is critical to understanding the effects of hydrological restoration and
changing nutrient regimes on Florida Bay. A nitrogen (15N) and carbon
(13C ) stable isotopic approach affords an effective means of assessing
ix

the fate of varying nutrient sources and delineating the dominant
biogeochemical processes governing nutrient cycling in the bay. This
study’s main goals were to use stable isotopic analyses of C and N in
dissolved and particulate materials to determine spatial and seasonal
relationships between Everglades nutrient sources and their biological
sinks in Florida Bay, examine the biogeochemical relationships among
inorganic and organic components of the water column and benthos in
Florida Bay, and assess future ecological response to changing nutrient
inputs resulting from restoration efforts.
A large east to west gradient from more enriched to more depleted 15N
values was noted in both dissolved nitrogen pools and organic components of
the bay. This trend indicates that there are differing nutrient sources and
biogeochemical processes influencing the various regions of the bay. Isotopic
similarity of the dissolved nitrogen pools from the Everglades and particulate
organic matter in the bay points to a strong relationship between both
ecosystems. Everglades nutrient inputs delivered to the bay in the wet season
directly influence ecological responses in the bay, in some cases increases in
algal biomass. Seasonality also influences nitrogen transformations in the
dissolved nitrogen pools and the sediments. During dry periods when there is
little or no hydrologic flow from the Everglades into the bay, denitrification is a
major process affecting nitrogen cycling in the eastern and central regions of the
bay. During the wet periods, denitrification becomes suppressed and
x

dissimilatory nitrate reduction (DNRA) is favored. Increased hydrologic flow
brings fresh organic matter that fuels DNRA. There was a consistent spatial
pattern from more depleted to more enriched 13C values, onshore to offshore
relative to the mainland which indicates strong terrestrial influence on Florida Bay
sites along the mangrove boundary with the Everglades. Particulate organic
matter exhibited a shift to more enriched 13C values during the wet season
which reflects an increase in algal biomass. A shift to more depleted 13C values
of DOM indicated increased terrestrial influence from the Everglades during the
wet season.
The approach undertaken in this study identifies a strong linkage between
nutrient inputs from the Everglades and biogeochemical processes in the bay.
These findings underscore the need to consider the impact of both allochtonous
nutrient inputs and the dominant processes governing cycling in the bay when
making management decisions that continue to refine hydrologic restoration
plans.

xi

1. Introduction
1.1

Background and Research Problem
Coastal ecosystems worldwide are becoming increasingly threatened by

human influences. Urban and agricultural development of coastal watersheds
have led to increased organic and inorganic nutrient loading resulting in
eutrophication, increases in phytoplanktic production and changes in the
structure and function of estuaries and nearshore ecosystems (Vitousek et al.
2002, Leichter et al. 2007). In South Florida, increasing human population and
water requirements for industrial, agricultural, and municipal purposes have
caused widespread degradation of South Florida’s integrated ecosystems
(Fig.1.1): the Everglades and Florida Bay (Light & Dineen 1994).
Within the past 125 years, South Florida’s hydrology has been drastically
restructured to satisfy water demands (Sklar et al. 2002). Levees and canals
were constructed in the early 1900s to divert water from the Everglades to supply
water for agriculture and to areas of urban development, such as Miami. The
environmental effects were numerous. The magnitude and timing of hydrologic
flow drastically changed in the Everglades, where water tables dropped, wetland
areas diminished, invasive exotic species displaced natural vegetation, and
wildlife declined (Light & Dineen 1994). Freshwater diversion to the Atlantic and
1

Gulf coasts increased the occurrence of hypersalinity events in Florida Bay, the
estuary into which freshwater historically drained via the sloughs in the
Everglades (Fig. 1.1). In the 1980s changes in rainfall-based water management
practices increased the magnitude of freshwater flow into eastern Florida Bay
(Fourqurean et al. 1993, Light & Dineen 1994). The South Dade Conveyance
System was completed and water flow into Florida Bay increased.

FLORIDA BAY

ATLANTIC OCEAN

FLORIDA KEYS

Figure 1.1
Map of the southern Everglades and Florida Bay. The insert is a map of the state
of Florida for reference.

2

Coincident with alterations in water management, a series of ecological
changes in Florida Bay began to occur. Turbidity increased (Stumpf et al. 1999)
and water quality further degraded. Seagrass distribution in the bay drastically
declined and the north central region experienced frequent and persistent
picoplanktonic blooms (Zieman et al. 1988, Durako 1994, Durako & Kuss 1994,
Light & Dineen 1994, Phlips et al. 1999, Zieman et al. 1999). Declining
conditions in the bay also affected the higher trophic levels of the bay’s food web,
such as commercially viable fish, pink shrimp and Caribbean spiny lobster
populations (Tilmant 1989, McIvor et al. 1994, Ehrhardt & Legault 1999, Lorenz
1999, Matheson Jr. et al. 1999).
The ecological deterioration of Florida Bay has been attributed to the longterm management of water supply in South Florida (Nuttle et al. 2000). In an
effort to remediate the ecological stresses on South Florida’s ecosystems, the
Comprehensive Everglades Restoration Plan (CERP) plans to restructure
hydrologic flow to pseudo-historic levels (Figure 1.2); however, it is anticipated
that restoration efforts will induce new environmental changes in the Everglades
and ultimately Florida Bay. A possible consequence of restoring freshwater
surface flow through the Florida Everglades is that the sources, magnitude and
ratios of nutrient inputs to Florida Bay, particularly the dissolved species of
nitrogen, will be altered. Undoubtedly, such changes in nutrient inputs will elicit
both chemical and biological responses in Florida Bay but currently the outcome
can only be hypothesized.
3

Figure 1.2 Schematic showing A) historic hydrologic flow, B) current hydrologic flow and C) hydrologic flow proposed by the
Comprehensive Everglades Plan (CERP ) for South Florida (CERP 2009).

4

It is plausible that restoring sheet flow will transport accumulated nutrients
to the bay. It is expected that both dissolved inorganic and organic nutrients will
increase (Rudnick et al 2006). Dissolved organic nitrogen (DON) comprises a
significant proportion of nitrogen input into Florida Bay (Rudnick et al. 1999).
Increased availability of nitrogen may induce dramatic changes in both benthic
and planktic photautotrophic communities. Such changes would have significant
impact on the bay’s biogeochemistry. While the transport of freshwater and
loading patterns of nutrients to Florida Bay have been studied (Rudnick et al.
1999, Brand 2001), definitive relationships between biogeochemical cycling in
Florida Bay and nutrient sources in the distinct Everglades catchments are still
not completely understood.
Identifying linkages between nutrient inputs from the Everglades and
biogeochemical cycling processes in Florida Bay is critical to understanding the
effects of hydrological restoration and changing nutrient regimes on water quality
and ecosystem structure of Florida Bay. This research focuses on the use of
stable isotopic analyses of carbon and nitrogen in dissolved and particulate
material to determine spatial and seasonal relationships between nutrient
sources originating in the Everglades and their biological sinks in Florida Bay. It
examines the biogeochemical relationships among inorganic and organic
components of the water column and benthos in Florida Bay. Lastly, it
investigates the potential of using stable isotopes to assess future ecological

5

response to changing nutrient inputs resulting from ongoing and planned
restoration efforts.
1.2

Florida Bay
1.2.1 Physical Characteristics
Florida Bay is a shallow subtropical lagoonal estuary, the majority of which

is located within the Everglades National Park at the southern end of the Florida
Peninsula. It is bounded by mangrove forests in the Everglades, the Florida Keys
and the Gulf of Mexico. The bay is comprised of a series of shallow basins
partially separated by carbonate mud banks (Wanless & Tagett 1989, D'Sa et al.
2002), which play a role in defining circulation patterns in the bay. The average
depth in the bay is less than 3m (Boyer et al. 1999). The climate is subtropical
and savanna-like, defined by warm wet and cool dry seasons. Most precipitation
occurs during the wet season, which is from June to October and seasonal
rainfall is generally balanced by evaporative processes bay-wide (Nuttle et al.
2000).
The differences in these physical characteristics define distinct regions of
Florida Bay. The northeast region of Florida Bay is least significantly affected by
tides or the direct influence of marine waters from the Atlantic and Gulf of
Mexico. Fresh surface water flow from Taylor Slough and Canal C-111 enters
through natural channels in the mangrove and buttonwood confining berms that
fringe the northeastern boundary with the Everglades (Hittle et al. 2001, Swart &
6

Price 2001). Salinity in this region is highly variable ranging from 15-55
(Fourqurean & Robblee 1999), since the bay responds quickly to rainfall and
discharge events as well as evaporative processes. High surface water flows in
the northeastern region consequently cause extreme freshening of the waters;
conversely restricted circulation coupled with less freshwater flow during the dry
season produces elevated salinity values (Johns et al. 2001). The central region
of Florida Bay also historically receives freshwater flow from the southern
Everglades via surface and ground water flow. However, the region receives
very little freshwater runoff and experiences extended periods of hypersalinity
(e.g. S = 60) (Boyer et al. 1997, Boyer et al. 1999, Nuttle et al. 2000, Boyer &
Jones 2001). The residence time of water is long and the region is unaffected by
significant tidal flow because of its topographic mud embankments (Nuttle et al.
2000). The western region of Florida Bay exhibits greatest oceanic exchange
because it is least topographically isolated. Because it has open exchange with
the Gulf of Mexico, the western region of Florida Bay is subject to extensive tidal
mixing (61 cm) (Fourqurean & Robblee 1999, Nuttle et al. 2000, Kelble et al.
2007). Salinity values are typically marine and may fluctuate in response to
meteorological events like tropical storms and cold fronts. The western region of
the bay may also be influenced by discharge from the Shark River Slough in the
Everglades via the rivers in the Ten Thousand Islands region and along the west
coast of Florida (Lee et al. 2001). The southern area of Florida Bay has limited
channelized connection with the Atlantic Ocean through passes between
7

Figure 1.3 Schematic of nutrient limitation of the western, central and eastern regions of Florida By as summarized in Boyer et al. (1999) and
Rudnick et al. (1999). Block arrows indicate pathways and relative magnitude of hydrological flow from the 3 major freshwater sources in the
Everglades (Shark River Slough, Taylor Slough and Canal C-111) into Florida Bay.
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the Florida Keys, which allows some exchange between oceanic waters and
bay waters.
1.2.2 Chemical and Biological Characteristics
The biogeochemistry of Florida Bay is defined by spatial variations in the
nutrient characteristics and community structure of Florida Bay (Fig.1.3). The bay
is characterized into three zones based on their chemical and biological
characteristics (Boyer et al. 1997): eastern, central and western Florida Bay
(Table 1.1).
Overall dissolved inorganic nitrogen (DIN) concentrations are higher than
dissolved inorganic phosphate (DIP) concentrations, and ammonium is the
predominant DIN species (Fourqurean et al. 1993, Boyer et al. 1997). The
western region exhibits low DIN:DIP ratios suggesting inorganic N limitation,
while the central zone has high DIN:DIP ratios and the eastern zone exhibits
DIN:DIP ratios high above Redfield ratios suggesting P-limitation. Generally the
bay has been described as oligotrophic with inorganic phosphorus limitation as
the major control on primary production (Fourqurean et al. 1993, Phlips &
Badylak 1996, Lavrentyev et al. 1998). Dissolved organic nitrogen (DON)
concentrations are an order of magnitude larger than DIN concentrations and the
highest DON concentrations are found in the central region of the bay.
Nutrient ratios as well as other chemical characteristics have defined the
dominant planktic assemblages in these regions (See Table 1.1). The eastern
9

zone is characterized as having a mixed phytoplankton assemblage; whereas,
cyanobacterial blooms dominate the north central zone and diatoms dominate
the assemblages in the west (Phlips & Badylak 1996). However, phycocyanin
concentrations suggest that cyanobacteria are abundant not only in north central
Florida Bay but also at the mouth of the Shark River and along parts of the
southwest coastline (Brand, 2001). Other studies have shown episodic
resuspension events may spur benthic-pelagic coupling during which
cyanobacterial abundances may increase in the western region of Florida Bay
(Glibert et al. 2004, Lawrence et al. 2004).
Seagrass beds are considered a vital component of the Florida Bay
ecosystem (Zieman et al. 1988, Fourqurean & Robblee 1999). They serve as the
important habitats for many commercially important fish such as the spotted
seatrout (Cynoscion nebulosus) and red drum (Sciaenops ocellatus),
macroinvertebrates, like the pink shrimp (Peneaus duorarum) and the spiny
lobster (Panulirus argus), and wading birds and are considered an important
component of Florida Bay’s foodweb (Browder et al. 1999, Chasar et al. 2005).
In Florida Bay, Thalassia testudinum is the dominant species (Fourqurean et al.
2002, Fourqurean et al. 2005). Seagrass beds also heavily impact physiographic
characteristics in the bay by trapping particles, binding sediment and reducing
wave action. By taking up nutrients, they can also contribute to water clarity
(Phillips & McRoy 1980).
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Table 1.1 Physical, chemical and biological characteristics of the various zones in Florida Bay
(Phlips & Badylak 1996, Boyer et al. 1997, Hitchcock et al. 1998, Lavrentyev et al. 1998, Vargo et
al. 1998, Boyer et al. 1999, Fourqurean & Robblee 1999, Hittle et al. 2001, Swart & Price 2002).
Nutrient concentrations reported are median values.

Parameter

Western Bay

North Central Bay

Eastern Bay

Circulation

Significant tidal
mixing

Unaffected by
significant tidal flow

Least affected by
tides

Total
Phosphorus

0- 0.05 ppm

0-0.07 ppm

0.005-0.015 ppm

Turbidity

0-50 NTU

0-50 NTU

~3 NTU

DIN:DIP

~Redfield

High DIN:DIP

Very high DIN:DIP

NH4+

1.05 µM

7.27 µM

3.41 µM

NO3-

0.12 µM

0.26 µM

0.71 µM

NO2-

0.11 µM

0.15 µM

0.23 µM

TON

30.5 M

80.8 M

46.0 M

TOC

440 M

1323 M

696 M

Chl a

1-15 g/l

1-22g/l

0.05-2g/l

Diatoms,
Nanoplankton

sm. unicellular
cyanobacteria
Synechococcus spp.

Mixed assemblage,
inc. dinoflagellates

Phytoplankton
Composition
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Mangroves are also another important habitat within Florida Bay. Over
200 mangrove islands, distributed throughout the bay, serve as nursery to
juvenile reef fish like Lutjanus griseus (gray snapper), Haemulon sciurus (bluestriped grunt), and Sphyraena barracuda (great barracuda) (Ley & McIvor 2002).
Mangroves also serve an important role by providing predation protection.
1.3
Possible Effects of Changing Everglades Hydrology on Florida Bay
Dynamics
It is expected that increasing freshwater flow in the Everglades would increase
nutrient inputs, particularly nitrogen, into Florida Bay (Rudnick et al. 2005). Dissolved
organic nitrogen (DON) comprises a significant proportion of the nitrogen input into
Florida Bay (Rudnick et al. 1999); thus, it is expected the DON inputs from the
Everglades into Florida Bay would increase.
Dissolved organic matter (DOM) from the Everglades is a potential source of
assimilable carbon and nitrogen for photoautotrophs in Florida Bay. DON is
comprised of a mixture of nitrogenous compounds including both labile and refractory
components in the carbon rich organic matrix of DOM. Smaller nitrogenous
components such as amino acids and urea are easily assimilated by primary
producers; whereas larger molecular weight components of the DON pool, such as
humic and fulvic acids, have been considered more refractory (Mantoura &
Woodward 1983). However, studies have suggested that bacterially mediated
degradation of the higher molecular weight components of DON can make a larger
fraction of the DON available for assimilation e.g. (Seitzinger 1988, Carlson & Graneli
12

1993, Benner et al. 1997, Aluwihare & Repeta 1999, Seitzinger et al. 2002). Amon
& Benner (1996) found that low molecular weight (LMW) DOM was in fact less
bioreactive than higher molecular weight (HMW) DOM. This has important
implications for the dissolved organic pool as a source of assimilable organic
nitrogen. Because the DOM input from the Everglades into Florida Bay is significant,
it must be considered as a potential source of nitrogen and carbon for biomass
assimilation.
Brand and Suzuki (1999) suggested that high dissolved nitrogen inputs from
Everglades, as a result in changes in water management practices, coupled with
high inorganic phosphorus concentrations supplied from western Florida Bay could
have provided the nutrients necessary to sustain algal blooms that were observed in
the bay during the 1990s (Brand & Suzuki 1999). If increased nitrogenous input from
the Everglades is a mechanism for sustaining algal blooms, restoration of sheet flow
in the Everglades presents serious repercussions for Florida Bay. Increasing
dissolved organic nitrogen may promote more expansive algal growth and change
the composition of photautotrophic communities, encouraging the dominance of
more opportunistic algae that thrive in eutrophic conditions (Brand 2001). Extensive
algal growth would increase light attenuation thereby shading seagrass beds and
reducing seagrass productivity and ultimately the decline of benthic communities.
This scenario would also then affect other trophic levels within the bay as loss of
nursery habitat occurs.
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1.4

Research Hypotheses
To predict future ecological responses to changing nutrient inputs, it is

necessary to understand the linkages between nutrient inputs from the
Everglades and nutrient cycling and biological dynamics Florida Bay.
In this dissertation, I investigated the following hypotheses:
1) Spatial variations in the chemical characteristics of Florida Bay and the
Everglades are reflected in the stable isotopic signatures of dissolved and
particulate components of both ecosystems.
2) Stable isotopic signatures of dissolved and particulate inorganic and organic
matter can be used to link specific nutrient sources within the Everglades to
downstream biological processing within different regions of Florida Bay.
3) Temporal isotopic variations of dissolved and particulate components in
Florida Bay and the Everglades are related to seasonal changes in nutrient
inputs and cycling.
1.5

Research Approach
To investigate these hypotheses, this study employed a multi-proxy

approach. Carbon and nitrogen isotopic compositions of both dissolved and
particulate components in Florida Bay and the Everglades were measured to
relate nutrient sources to biological sinks. These components included NH 4+,
DOM, POM, seagrass and sediments. To investigate spatial isotopic variations
as function of regional chemistry, isotopic measurements spanned the
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geographical expanse of the bay on two scales of resolution, to provide a
detailed picture of spatial variability. Three sites within the Everglades watershed
were sampled to provide an upstream-downstream comparison. The time period
of the study included both wet and dry seasons.
1.6

Stable Isotopes as Tracers in Ecosystem Studies
Stable isotopes have been used as indicators in numerous ecological

studies to trace uptake of distinct nutrient species (e.g. Waser et al. 1998,
Needoba et al. 2004), define trophic structure in food webs (e.g. (Minagawa &
Wada 1984, Peterson & Howarth 1987, Deegan & Garritt 1997, Chasar et al.
2005), and more recently to determine the fate of natural and anthropogenic
sources of inorganic and organic nitrogen and carbon in coastal aquatic
ecosystems, (e.g. Cifuentes et al. 1988, McClelland et al. 1997, McClelland &
Valiela 1998, Middelburg & Niewenhuize 1998, Dillon et al. 2000, Kao & Liu
2000, Costanzo et al. 2001, Middelburg & Nieuwenhuize 2001, Raymond &
Bauer 2001, Cloern et al. 2002, Cole et al. 2004). These applications have
resulted from the capability to systematically link biological to nutrient sources,
whether organic or inorganic. Nitrogen and carbon isotopic ratios can be used to
trace nutrient cycling because 1) they reflect the sources of N and C used in the
primary production of an ecosystem and 2) they reflect dominant biogeochemical
pathways that govern the ecosystem’s function.
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1.6.1 Stable Isotope Terminology and Measurement
In ecological studies, typically measured stable isotopes are those of the
lighter elements, because they are components of biological compounds. There
is typically a large mass difference between the rare and abundant isotope of an
element, which makes the isotopes suitable for measurement. The ratio of the
heavy to the light isotope and changes in these ratios are measured; however, in
most materials isotopic differences are extremely minute. Thus, the convention
is to report isotopic compositions of materials relative to an internationally
accepted standard:
 ‰ =

R sample
R standard

− 1 × 1000 ,

where R is the ratio of heavy to light isotope. The standard reference material
for carbon is Pee Dee Belemnite and that for nitrogen is nitrogen in air. Isotopic
ratios that become increasingly positive are termed ―enriched‖ in the heavier
isotope; whereas, decreasing or more negative isotopic ratios are referred to as
being more ―depleted‖ in the heavier isotope.
1.6.2 Use of Stable Nitrogen Isotopes to Identify Nutrient Sources
The source of nitrogen utilized by primary producers in an ecosystem can
be identified because the isotopic compositions of the primary producers are
reflective of the isotopic composition of the dissolved nitrogen used in
photosynthesis. Within coastal environments several sources of nitrogen may be
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available for utilization by primary producers. The distinction between the 15N of
various nitrogen sources is directly related to the source’s provenance and the
process involved in producing the dissolved nitrogen sources. Sources of
dissolved nitrogen may be either advected into the ecosystem from adjacent
environments or be generated in situ.
In estuaries, land-derived nutrient inputs are often a significant source of
nitrogen. Terrigenous runoff may be reflective of adjacent natural /pristine
environments or they may be reflective of significant human influence. Increased
use of fertilizers in agriculture and inputs of wastewater from sewage treatment
facilities have impacted many coastal ecosystems, such as the Chesapeake Bay,
the Delaware Estuary, San Francisco Bay and Moreton Bay in Australia (e.g.
(McClelland et al. 1997, McClelland & Valiela 1998, Dillon et al. 2000, Costanzo
et al. 2001, Canuel et al. 2003, Cole et al. 2004, Savage et al. 2004). The overapplication of fertilizers has resulted in increased amounts of inorganic nitrogen
leaching out of soils and emptying into nearby coastal environments. Animal
waste from farms, sewage and wastewater effluent have also contributed to the
allochthonous DIN introduced into nearshore waters.
Fertilizers, animal wastes and sewage can be isotopically distinguished
from each other under favorable conditions (Heaton 1986). Artificial/inorganic
fertilizers have low 15N values ranging from -4 to 4‰, reflecting the atmospheric
source of nitrogen used in the Haber-Bosch process (Kendall et al. 2007). If the
fertilizers used on neighboring farmlands are organic, such as animal manure,
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plant composts or cover crops, the 15N values (2 to 30 ‰) are typically higher
than the 15N of inorganic fertilizers. Sewage and animal waste products both
become progressively enriched in

15

N as they are microbially broken down and

15

N depleted ammonia is volatilized (Heaton 1986). As this waste becomes

oxidized, the resulting nitrate becomes enriched in

15

N (10 to 20‰). Subsequent

leaching and runoff of this enriched nitrate can empty into nearby estuaries and
serve as a source of allochthonous (new) DIN that is then incorporated into the
marine nitrogen cycle (Rau et al. 1981, Van Dover et al. 1992).
Terrigenous runoff also provides a source of DON. In estuaries like Florida
Bay, that drain large watersheds such as the Everglades, DON transport into the
estuary is larger than the amount of DIN (Rudnick et al. 1999). The 15N of
DON is largely a function of the 15N of its source and isotopic discrimination
occurring during individual transformation reactions (Feuerstein et al. 1997).
Thus the extent to which estuarine organic matter reflects terrigenous DON is
dependent on the original isotopic composition of the allochthonous DON as well
as its degree of lability.
Freshwater input from Taylor Slough and Canal C-111 provide a source of
allochthonous DON and DIN to Florida Bay. Review of the literature reveals that
very few studies of the 15N of DON and DIN from the Everglades and Florida
Bay have been conducted. However, a recent study to describe the chemical
characteristics of DON in the coastal Everglades investigated the δ15N
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composition of DON from Taylor Slough and Shark River Slough in the
Everglades, and from one site in central Florida Bay (Maie et al. 2006). The
authors found that DON from the Everglades was reflective of resident
periphyton assemblages characteristic of the wetlands; whereas, DON from the
central Florida Bay site was within the 15N range reported for seagrass. No 15N
studies of DIN were evident in the literature; however, Bohlke et al. (2003) did
investigate the 15N of dissolved inorganic nitrogen in the waters of the Florida
Keys. The sparse literature on the dissolved nitrogen pools highlights the need
for a study that provides greater insight into nitrogen sources and processes of
Florida Bay and the Everglades.
1.6.3 Use of Stable Nitrogen Isotopes to Identify Biogeochemical
Processes
The source of dissolved nitrogen available for primary production directly
influences the 15N of the all the biota of an estuary; however, it is also important
to understand how biologically-mediated reactions move nitrogen through the
system and how these reactions result in variations in the 15N of the various
nitrogen pools. Figure 1.4 provides a synopsis of the nitrogen transformations
that occur in estuarine nitrogen cycling. Several biological reactions involve
kinetic fractionation effects; the extent of fractionation is typically determined by
the rate determining step of the reaction.
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Figure 1.4
Schematic diagram of estuarine nitrogen cycle and isotopic fractionations associated with various nitrogen transformations within
the ecosystem.
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Nitrogen fixation is a biologically mediated reaction in which atmospheric
nitrogen is converted to ammonium (equation 1).
N2 + 8 H+ + 8 e− → 2 NH3 + H2

(1)

Only one group of photoautotrophs is capable of fixing diatomic nitrogen and
converting it to ammonium for its own use; this group includes various
cyanobacteria like Anabaena spp. and Trichodesmium spp. The process of
nitrogen fixation involves little to no fractionation (Hoering & Ford 1959, Fogel &
Cifuentes 1993); thus, diazotrophs within the PON pool would bear a similar 15N
composition to atmospheric nitrogen (-2 to 2 ‰). In a single sampling at the
mouth of Taylor Slough in the Everglades and at northeastern sites in Florida
Bay, Evans (2006) reported low 15N values (2-3‰ ) for particulate organic
matter (POM) and attributed the low values to the presence of the cyanobacteria
Synechococcus spp.
Table 1.2 Isotopic fractionation factors of nitrogen transformations

Nitrogen Transformation

Fractionation

Nitrogen Fixation

-3 to +1 ‰

NH4+ Assimilation

-10‰

NO3- Assimilation

-10‰

Nitrification

-38 to -14‰

Denitrification

-40‰
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Other than nitrogen fixing organisms, estuarine photoautotrophs
(phytoplankton and seagrass) primarily require a combined form of nitrogen
(NH4+, NO3-, NO2-) for growth. The degree of fractionation associated with
phytoplanktic assimilation of nitrogenous species is variable and is in some
cases quite large (ε= -30 to 0‰) (Wada & Hattori 1978, Cifuentes et al. 1988,
Montoya et al. 1991, Waser et al. 1998) (see Table 1.2). The degree of
fractionation is dependent on several factors such as the concentration of the
inorganic nitrogen species, growth conditions and the species of phytoplankton
(Cifuentes et al. 1988, Waser et al. 1998, Granger et al. 2004, Needoba et al.
2004). Under limitation of DIN supply, the degree of fractionation associated with
assimilation decreases and the 15N of the phytoplankton approaches the 15N of
the DIN substrate being assimilated.
Nitrification converts NH4+ to NO2- and NO3- (equations 2, 3). This process
is mediated by specific groups of bacteria for their own metabolic use.
NH3 + O2 → NO2− + 3H+ + 2e-

(2)

NO2− + H2O → NO3− + 2H+ + 2e−

(3)

The conversion of ammonium to nitrite is slow and is reflected in the large
fractionation effect (-38 to -14‰); however, the conversion of nitrite to nitrate is
fast (Table 1.2). The extent of fractionation is dependent of the concentration of
the substrate; in nitrogen limiting environments, fractionation is much smaller.
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Denitrification is a series of microbially mediated reactions that produces
N2, NO, and N2O from a more oxidized form of nitrogen (NO 3-) (equation 4, 5).
NO3− → NO2− → NO + N2O → N2 (g)

(4)

2 NO3− + 10 e− + 12 H+ → N2 + 6 H2O

(5)

It is a reaction that represents loss of nitrogen from the nitrogen cycle. Typically
denitrification does not occur in the presence of oxygen but may occur in anoxic
pockets of otherwise oxygenated sediments. In estuaries where water depths
are very shallow and circulation is poor and nitrate concentrations are sufficient,
denitrification may become a major driver in the nitrogen cycle and may even
occur within the water column. Fractionation from denitrification may be quite
large (-40‰) but is very dependent on environmental conditions. Sebilo et al.
(2003) and Lehmann et al. (2004) observed that in benthic denitrification,
fractionation is not as extreme (-1.5 to -3.6 ‰), because the process is governed
by the rate of diffusion of nitrate into the sediments (Table 1.2).
Dissimilatory nitrate reduction (DNRA) converts nitrate to ammonium
(equations 6, 7) and has been considered an important link in estuaries,
replenishing a readily assimilable form of nitrogen (NH 4+).
0.5 NO3- + H+  0.5 NO2- + H20

(6)

0.5 NO2- + 4H+  0.5 NH4+ + H2O

(7)
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This reaction has recently been considered a key reaction in estuarine nitrogen
dynamics, particularly when denitrification is inhibited by high sulfide
concentrations (An & Joye 2001, An & Gardner 2002, Gardner et al. 2006).
Fractionation factors for this reaction are scarce in the literature but laboratory
studies have shown that ammonium formed from this reaction had lower 15N
values than the starting nitrate substrate (McCready et al. 1983).
Labile organic nitrogenous compounds include peptides and proteins.
Bacterial utilization of this nitrogenous organic matter involves the deamination of
amino acids to produce ammonium ions and organic acids (Macko & Estep
1984); however, this process only involves a very small fractionation (±1‰).
Besides the biologically mediated process of denitrification, the physical
reaction of volatilization, the release of ammonia to the atmosphere, also result in
the loss of nitrogen from the ecosystem. Volatilization occurs when NH 4+ is in
excess in an ecosystem. This is most typical of farmlands and extremely
polluted nearshore ecosystems.
1.6.4 Carbon Isotopes
Carbon stable isotope analysis has been used to determine the source
and fate of carbon used by autotrophs, which is critical to understanding the flow
of carbon through an estuary (Coffin et al. 1990, Cloern et al. 2002, Evans 2009).
Figure 1.5 provides a summary of the processes that lead to carbon isotopic
variations in dissolved and particulate carbon pools within an estuary. Several
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Figure 1.5
Schematic diagram of the estuarine carbon cycle showing carbon isotopic ranges for the various components of the cycle and the
typical fractionation factors (ε) for the C3 and the C4 pathways of photosynthesis. RuBP refers to ribulose bisphosphate carboxylase (Rubisco)
enzyme and PEP refers to phosphoenol pyruvate carboxylase.
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factors may determine the extent of carbon isotopic discrimination of a primary
producer such as the photosynthetic pathway it uses: the Calvin cycle (C3), the
Hatch-Slack cycle (C4), or the Crassulacean acid metabolism pathway (CAM).
Each of these photosynthetic pathways is expressed by various terrestrial plants.
C3 primary producers employ the enzyme ribulose bis-phosphate
carboxylase/oxygenase (rubisco), which fractionates carbon at a value of 29‰
within its cells. In the C4 cycle, photosynthesis is catalysed by phosphoenol
pyruvate (PEP) carboxylase, which fractionates about -6‰ for CO2 fixation. CAM
plants, like cacti, use the same carboxylating enzymes as C4 plants but the
enzymatic activities are compartmentalized on a diurnal cycle. Some CAM
plants can switch to C3 cycle during favorable conditions and revert to CAM
during times of drought. Thus their isotopic ranges overlap those of both C3 and
C4 plants.
Estuarine primary producers, like all marine photoautotrophs, use the C3
pathway. Warm water marine phytoplankton usually exhibit a range of 13C
values of -18 to -24‰. These values are not only dependent on the
photosynthetic pathway but are also dependent on the isotopic composition of
the DIC source, equilibrium effects, algal cell growth rate and morphology and
species identity. In estuaries, the 13C of the DIC pool is dependent on the
amount of freshwater input, circulation and temperature; these three factors may
vary seasonally. Freshwater DIC may range from -5 to 10‰; whereas marine
DIC has an average value of 0‰.
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The 13C of particulate organic matter (POM), which is typically used as a
proxy for phytoplankton, is reflective of the carbon source. POM from the more
terrestrially influenced endmember of the estuary tends to be more depleted than
POM from the marine influenced endmember. Thus 13C of POM reflects the
origin of carbon, whether terrestrial or marine and can also reflect any seasonal
changes in the 13C of DIC (Cifuentes et al. 1988, Sigleo & Macko 2002).
Seagrasses are often the major primary producers in estuaries.
Worldwide their δ13C values range from -3 to -15‰ (Hemminga & Mateo 1996).
Although it is a C3 primary producer, Thalassia testudinum, exhibits δ13C values
that are similar to values for C4 plants (-8 to 16 ‰) (Benedict et al. 1980, Lin et
al. 1991), because it fixes CO2 in a closed system, which is similar to the CO2
fixation via the Calvin cycle in bundle sheath cells of C 4 plants, where virtually no
fractionation occurs upon CO2 utilization (Benedict et al. 1980). Ecosystem
studies using seagrasses as nutrient tracers can provide a useful tool for
understanding the response of benthic primary producers to changing
environmental conditions.
To understand carbon cycling in an estuary all sources of carbon must be
accounted. Besides 13C analysis of the biological sinks like phytoplankton and
seagrass, recent ecosystem studies have incorporated the use of DOM as a
tracer. DOM in fresh and marine waters has distinctive isotopic and chemical
characteristics and as such, can be used to determine the extent of terrestrial
inputs into nearshore marine ecosystems. DOM has typically been classified
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according to nominal molecular weight. High molecular weight (HMW) DOM is
DOM whose nominal molecular weight is greater than 1 kDa; whereas, low
molecular weight (LMW) DOM is less than 1kDa (Benner et al. 1997, Aluwihare
and Repeta 1999). Another way of classifying DOM is according to its source,
namely terrestrial vs. marine. DOM in rivers and lakes contains a large fraction
of organic matter derived from terrestrial plants, while marine microalgae and
bacteria synthesize the precursors to marine DOM (Repeta et al. 2002). Fresh
water DOM is isotopically depleted in

13

C (-27‰), has a high C/N ratio (40 to 50)

and is rich in aliphatic, aromatic, and carboxyl carbon (Hedges et al. 1992) ,
whereas marine DOM is isotopically more enriched in

13

C (-22‰ ), has a lower

C/N ratio (15 to 20) and is rich in alkoxy carbon (Leenheer 1981). During river
and estuarine transport, DOC generally becomes enriched in

13

C due to

autochthonous production and removal by heterotrophic bacteria (Raymond and
Bauer 2001).
1.7

Isotope Tracing in the Everglades and Florida Bay
The study of biogeochemical processes in the Florida Bay must take into

account nutrients inputs transported in freshwater discharge from the
Everglades. The significant presence of agriculture in the upper Everglades and
areas to the east of the Everglades National Park, and large urban developments
in Miami, Homestead and Florida City east of the Everglades have provided
means for anthropogenic sources of nitrogen and carbon (Brand 2001). If
freshwater flow delivers these anthropogenic nutrients from the Everglades to
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Florida Bay, their incorporation into biomass is likely and should be reflected in
the 15N and 13C of dissolved and particulate inorganic and organic components
of the bay. Moreover, the isotopic compositions should reflect the differing
sources within the watershed and biogeochemical processes, by virtue of the
distinct respective ranges for the various sources and biogeochemical processes
(e.g. δ15N values: denitrification +10 - +22‰, atmospheric input 0-2‰, fertilizer 4 to +4 ‰, sewage 5-12‰) (Kendall 1998, Hoefs 2004).
Some stable isotopic studies have been conducted in South Florida,
including Florida Bay and the Everglades. They provide some understanding of
the carbon and isotopic distribution of biological sinks in Florida Bay, and some
suggest linkages with anthropogenic nutrient sources in the Everglades, none
have attempted a comprehensive approach that include isotopic assessment of
inorganic and organic nutrient reservoirs as well as various biological sinks. This
study applies such a strategy to establish spatial as well as seasonal variation of
nutrient sources and biological sinks in the Everglades and Florida Bay, and
identifies a definitive linkage between nutrient sources delivered from the
Everglades to assimilation of these nutrients by various biological components of
Florida Bay.
Stable isotopic studies of nutrient pools and organic matter within the
Everglades and Florida Bay have largely been confined to particulate organic
components. With the exception of Maie et al (2005), no other studies have
been conducted to investigate the nitrogen and carbon isotopic distribution of
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DOM. Furthermore, isotopic assessment of the DIN pool in South Florida is
notably absent from the literature. Patterson and Walter (1994) have
documented the spatial variability of the 13C of the DIC pool, noting that the
13C of DIC ranged from 0 to -7‰ , with the most depleted values coinciding with
lower salinity waters in the eastern region of Florida Bay.
Some studies have looked at the sediments in Florida Bay to reconstruct
its environmental history and to understand current ecosystem function. Orem et
al. (1999) examined the geochemical record of Florida Bay, documenting
changes in the nitrogen isotopic composition of the sedimentary record as a
result of anthropogenic influences within the past century. The sedimentary
record showed increases in nitrogen in eastern Florida Bay in the early to mid
1980s and the timing of these increases directly preceded the first occurrences of
large microalgal blooms and seagrass dieoffs. Evans (2009) also recorded
carbon and nitrogen isotopic shifts in the geochemical record coincident with the
establishment of the Flagler Railroad that reduced exchange between Florida
Bay and the Everglades. An assessment of surficial sedimentary organic matter
from seven sites in the bay has shown the 13C values in the sediment are
variable and are related to their source material (Xu et al. 2006).
Other studies have complemented historical documentation of
anthropogenic nutrient loading by investigating the relationship between nutrients
and key indicator species for estuarine health, such as mangroves and seagrass.
Fry and Smith III (2002) examined red mangroves (Rhizophora mangle) and filter
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feeders in the Shark River, Everglades. While mangrove nitrogen content
increased upstream in the freshwater end of the watershed, 15N measurements
decreased. The authors suggested that this was caused by N-rich inputs in the
upper Everglades. These anthropogenic effects were corroborated by
observations made in ecosystems adjacent to the Everglades and Florida Bay.
Fry et al. (1999) measured the nitrogen isotopic composition of red mangrove
(Rhizophora mangle) at sites in Biscayne Bay, Sugarloaf Key in the Lower
Florida Keys and Crocodiles Lakes National Wildlife Refuge in Key Largo. They
observed that the highest % N and δ15N occurred in Biscayne Bay where canals
draining agricultural lands deliver high NO3- waters to the fringing mangroves.
Several isotopic studies have been conducted on the seagrass
communities within Florida Bay. Dillon et al. (2000) assessed the 15N of
seagrass (Thalassia testudinum) and algae in Florida Bay. Both photoautotrophs
tended to have similar isotopic composition and showed significant N-enrichment
(5-11‰) in the northeast portion of the bay and along the northern coast. They
attributed these enriched values to denitrification processes and N-rich water
delivery from the Everglades water catchments (Canal C-111 and Taylor Slough)
to this area of the bay. Lin et al. (1991) reported that 13C of Thalassia
testudinum in South Florida ranged from -7.3 to -16.3‰ and found that there was
no significant variation in δ13C values between seagrass leaves of different ages
or between different parts of seagrass leaves. Other isotopic studies of seagrass
within South Florida (Anderson & Fourqurean 2003, Fourqurean et al. 2005)
31

observed seasonal variability in 13C and suggested that the variability is a
function of primary productivity rates and the isotopic composition of the DIC
pools. The authors also noted intra-annual variations in 15N of the seagrass and
suggested the possibility that terrestrial runoff from the Shark River Slough may
influence nutrient cycling at these sites.
Benthic communities have also been incorporated in trophic studies of the
bay. Through assessment of the 13C and 15N of fish tissue, seagrass,
mangrove, algae and particulate organic matter, Harrigan et al. (1989)
determined that 90% of the carbon and nitrogen supply to the gray snapper
(Lutjanus griseus) ultimately comes from seagrass via the detrital food web.
Another stable isotopic study investigated whether Florida Bay has been shifting
from a benthic-driven to a plankton dominated system (Chasar et al. 2005). The
authors found that macroinvertebrates and fish reflect a strong benthic signal
indicating that the bay remains a seagrass dominated system.
Other isotopic studies have focused only on suspended organic matter in
the water column. Glibert et al. (2004) assessed the nitrogen isotopic
composition of POM at the start and end of 48 hour bioassays in which various
nutrient treatments were applied to ambient water from various sites in Florida
Bay. Other studies have focused on spatial and temporal variations in bulk and
size fractionated POM within Florida Bay (Evans et al. 2006, Evans 2009).
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By incorporating all of these parameters including the DIN pool, my study
provides a unique perspective to investigate the linkages between allochthonous
nutrients and cycling within the bay as well as the relationship between the
processes in the benthos and the water column.
1.8

Dissertation Organization
The dissertation is comprised of three body chapters presented in

publication format. To provide clarity of the manuscript, the entire methods are
presented in greater detail in Chapter 2.
Chapter 3 Spatial Variations in the 15N Composition of Dissolved and Particulate
Components of Florida Bay
This chapter explores the geographic variability in the 15N composition of
dissolved nitrogen species and particulate biological components in Florida Bay
and the Everglades. Overarching trends in the chemical behavior of various
zones in the bay are investigated to determine where there are direct ―source to
sink‖ linkages between the Everglades and Florida Bay.
Chapter 4 Temporal Variations in Nitrogen Isotopic Behavior in Florida Bay and
the Everglades: A Wet vs. Dry Season Comparison
The variations in 15N during the wet and dry seasons are examined and
linkages between seasonal changes in hydrological inputs from the Everglades
and biogeochemical cycling in Florida Bay are assessed. Nitrogen isotopic
behavior is correlated with microbial response to pulses of nutrients during
periods of high flow from the Everglades.
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Chapter 5 Spatial and Seasonal Variations in the 13C of Dissolved and
Particulate Components of Florida Bay and the Everglades
In this chapter I examine the spatial and temporal variability in 13C to
identify carbon sources available to primary producers within Florida Bay.
Chapter 6 Synthesis
This chapter summarizes the salient points of the dissertation and makes
the case for the essential incorporation of stable isotopic studies in long-term
environmental evaluation in Florida Bay and the Everglades, as the Everglades
undergo hydrologic restoration. It also presents areas that should be pursued for
further research.
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2.
2.1

Analytical Methods

Sampling
Sampling was conducted 6 times from November 2002 to June 2005

(Table 2.1) at 7 stations in Florida Bay and 3 stations from the Everglades
watersheds (Fig. 2.1). Samples were selected along an east-west gradient in
Florida Bay to represent the various zones of chemical influence outlined by
(Boyer et al. 1997) and (Boyer et al. 1999): Sunset Cove (SC), Duck Key (DK),
Little Madeira (LM), Barnes Key (BK), Rankin Bight (RB), Rabbit Key (RB) and
Sprigger Bank (SB) (Table 2.2, Fig. 2.1). Initial sampling in November 2002
focused on sites within the bay and based on the observed results (see Chapters
3, 5), it was decided that sites in the Everglades should be included to assess the
biogeochemical relationships between the Everglades and Florida Bay.
Subsequently, three sites that represent the major watersheds were also
sampled: Canal C-111 (C-111), Taylor Slough (TS) and Shark River Slough
(SRS) (Table 2.2). One station per day was sampled. In Florida Bay, samples
were obtained using small boats and for the Everglades sites, samples were
obtained from the three water sources via access roads in the Everglades
National Park and the water control structure of US Highway 1.
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At each main site, ambient bulk water samples were collected from 10 cm
below the surface in 20 L carboys, precleaned by leaching with 10% HCl and
rinsing 3 times with deionized water. Surficial sediment and seagrass (Thalassia
testudinum) samples were also collected from each main site. Sediment
samples were collected using a petit Ponar grab sampler that scours the upper 23 cm of sediment from benthos. Seagrass shoots were simultaneously collected
with the sediment. Whole intact shoots were retained. Samples were
immediately returned to the laboratory for processing for nutrient and chlorophyll
a measurements and isotopic analyses. Both sediments and seagrass samples
were stored frozen for subsequent isotopic analyses.
A more detailed isotopic survey of the bay was also conducted (Fig. 2.2).
Particulate organic matter (POM), seagrass and surficial sediments were
collected at 33 sites throughout the bay. Because the original plan of the
overarching project did not include a bay-wide survey, analyses of these samples
did not include wet chemistry and isotopic analysis of dissolved nutrients of water
samples.

36

Table 2.1 List of sampling periods of the entire study.

Sampling Period

Sampling Date

1

November 6-13, 2002

2

March 15-20, 2003

3

July 25-31, 2003

4

March 3-9, 2004

5

August 6-10, 2004

6

June 14-20, 2005

Table 2.2 Geographical coordinates of main sampling stations

Location

Site

Abbreviation

Latitude

Longitude

Florida Bay

Rabbit Key

RK

24.972

-80.845

Florida Bay

Sprigger Bank

SB

24.898

-80.971

Florida Bay

Sunset Cove

SC

25.096

-80.458

Florida Bay

Barnes Key

BK

24.946

-80.788

Florida Bay

Duck Key

DK

25.182

-80.490

Florida Bay

Little Madeira

LM

25.188

-80.639

Florida Bay

Rankin Bight

RB

27.122

-80.792

Everglades

Canal C-111

C-111

25.290

-80.445

Everglades

Taylor Slough

TS

25.403

-80.608

Everglades

Shark River
Slough

SRS

25.150

-80.921
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Figure 2.1
Map of Florida Bay showing main sampling locations. Sites consist of three Everglades stations: Shark River Slough (SRS),
Taylor Slough (TS), Canal C-111 (C111), and seven stations throughout the bay: Sprigger Bank (SB), Rabbit Key (RK), Rankin Bight (RB), Little
Madeira (LM), Sunset Cove (SC), Duck Key (DK).
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Figure 2.2

Map of Florida Bay showing the 33 bay-wide isotopic survey sites.
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2.2

Sample Processing
2.2.1 Ambient Water Samples
A step-wise procedure was used to isolate the dissolved pools and

particulate organic matter (POM) from the ambient bulk water samples (Fig. 2.3).
Water samples were passed through pre-combusted 0.7µm GF/F (Whatman)
glass fiber filters via a positive pressure system operating at 10 psi. Both the
filtrate and the (POM) residue on the GF/F filters were retained for subsequent
analysis. GF/F filters, with residues, were stored frozen until just prior to isotopic
analysis. The method of storage of filtrate depended on its intended use. Six
liters of filtrate were stored frozen for subsequent isotopic analysis of ammonium.
Forty liters of filtrate were marked for isotopic analysis of the dissolved organic
matter; the filtrate was preserved with mercuric chloride and stored in a cool,
dark place to minimize photochemical degradation of the dissolved organic
matter in the water.
2.2.2 Dissolved Inorganic Nitrogen
Isotopic analysis of the DIN was limited to measurement of ammonium
(δ15N-NH4+) because nitrate concentrations were too low, generally ≤1 uM (See
chapter 3 for further discussion of ambient dissolved inorganic species
concentrations). Preparation of the dissolved ammonium required conversion to
a form that can be analyzed by the mass spectrometer. The ammonia diffusion
method for analysis of (15N-NH4+) in marine and estuarine waters, outlined in
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Water Sample
Collection
Filter (GF/F)
5L
Oven Dry
(60° C, 24 hr)

δ15N, δ13C
POM

(NH4)2SO4

GF/D

34L
Tangential flow
Ultrafiltration
(1Kda)

δ15N-NH4+

150 ml Concentration,
lyophilize

δ15N, δ13C
DOM

Figure 2.3 Outline of filtration and isolation procedures for stable isotopic analysis of various
water column components: δ15N and δ13C POM, δ15N and δ13C DOM and δ15N NH4+.

(Holmes et al. 1998, Sebilo et al. 2004) were adopted to measure δ15N-NH4+ in
water samples (Figure 2.4). The ammonia diffusion method entails the collection
of dissolved ammonium (NH4+) from the water sample via a base-induced
conversion of NH4+ to NH3. Each sample requires a filter packet to trap the
ammonia, consisting of a GF/D glass fiber filter infused with 20 μl of 4N H2SO4 in
a sealed envelope made of Teflon tape. To prevent osmosis samples are
standardized to a salinity of approximately 35, by adding NaCl; then a trap is
placed in each reaction vessel—the trap is buoyant and floats on the surface of
the sample. Sodium hydroxide is then added to the sample until the pH is greater
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than 10. Since addition of the base initiates the reaction, the reaction vessel is
quickly closed. Gaseous ammonia diffuses out of solution into the headspace
and is trapped on the filter via conversion to ammonium sulfate. The samples
were incubated at room temperature on a shaker to ensure adequate diffusion
rates. Incubation times necessary to maintain maximum recovery of NH 4+ were
dependent on initial concentrations of NH4+; however, all samples were prepared
such that a final amount of 6 μmoles of NH4+ were recovered for isotopic
analysis. The GF/D filters with the trapped NH4+ were dried in a desiccator
overnight then packed into silver capsules for subsequent nitrogen isotopic
analysis.

Figure 2.4
Schematic of the ammonium diffusion method used for preparation of prefiltered
water samples for stable isotopic analysis of ammonium.
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2.2.3 Dissolved Organic Matter (DOM)
For DOM analysis, 40 L of GF/F (Whatman) filtrate were then passed
through a second GF/F glass fiber filter. Isolation of dissolved organic matter
from bulk water samples was restricted to the molecular weight fraction greater
than 0.1 μm and greater than 1000Da. This was achieved through tangential
flow ultra-filtration of the bulk surface water (Benner 1991, Benner et al. 1992,
McCarthy et al. 1996, Benner et al. 1997, Guegen et al. 2002). Ultrafiltration
was achieved by passing the filtrate through a Pellicon 2 Mini tangential flow
system. This system consists of a series of ultrafiltration membranes and a
peristaltic pump. The tangential flow ultrafiltration membrane is a 1kDa
regenerated cellulose Millipore cartridge. Cleaning and preconditioning
procedures for membranes, tubing and connections were adopted from (Guegen
et al. 2002). Before use, the cartridges were cleaned sequentially with 2 liters of
0.5N HCl and 0.5N NaOH, using an inlet pressure of 10 psi and an outlet
pressure of 8 psi. The cartridges were flushed with 10 L of Milli-Q water and
were then preconditioned with 5 L of the GF/F filtrate, which was subsequently
discarded (Guegen et al. 2002).
The GF/F filtrate set aside for tangential flow ultrafiltration was first passed
through regenerated cellulose membrane cartridges of a nominal 0.1µm pore
size. The water sample was then subsequently concentrated to 150 ml using the
same Pellicon 2 Mini system equipped with regenerated cellulose membrane
cartridges of nominal 1kDa molecular weight cut-off, using an inlet pressure of 10
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psi and an outlet pressure of 8 psi. This membrane size does not retain salts
and is capable of retaining large quantities of organic material, thereby ensuring
a high percent recovery of sample for isotopic and molecular analysis (Benner et
al. 1997). After concentration, each sample was desalted by adding one liter of
Milli-Q purified water to the concentrated sample and then re-concentrating to
150 ml three times (McCarthy et al. 1996). The samples were then freeze-dried
and finely ground into powder with an agate mill.
2.2.4 Particulate Organic Matter (POM)
Particulate organic matter (POM) retained on precombusted GF/F filters
(Whatman) were also prepared for isotopic analysis. Filters were placed in acidcleaned Petri dishes and dried overnight in an oven at 50°C. Dried filters were
then scraped a razor blade to remove all organic matter and the top layer of the
GF/F filter. The scraped samples were then homogenized, packed in tin
capsules and stored in a desiccator until the day of analysis.
2.2.5 Seagrass
Seagrass shoots were dissected to remove the mature secondary blades.
The blades were inspected and gently scraped with a scalpel to remove larger
epiphytes, and were subsequently treated with 0.1N HCL to remove the
carbonates of any residual epiphytes. The blades were then rinsed with Milli-Q
water, and dried in an oven at 60°C. Dried seagrass samples were ground into a
fine powder using an agate mortar and pestle. Subsamples of the homogenized
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seagrass samples were packed in tin boats for subsequent carbon and nitrogen
isotopic analysis.
2.2.6 Sediments
Surficial sediments were decarbonated with 0.1N HCl, rinsed with Milli-Q
water, and dried in an oven at 60°C. Dried sediments were then finely
homogenized and packed in tin boats for carbon and nitrogen isotopic analyses.
2.3

Isotopic Analyses
All isotopic analyses were conducted at the University of South Florida

Paleoceanography, Paleoclimatology, and Biogeochemistry (PPB) Laboratory
using a continuous flow Finnigan Mat Delta Plus isotope ratio mass spectrometer
(IRMS) coupled to a Carlo Erba elemental analyzer (EA). Samples were
introduced via an autosampler into the combustion furnace of the EA set at
1050°C. Flash combustion and subsequent chemical reduction (of NO x) converts
nitrogen and carbon in the sample to pure N 2 and CO2, which are eluted off a
gas chromatograph column and carried by a stream of helium gas to the mass
spectrometer, where the

15

N and 13C abundances are measured based on their

mass to charge ratios. Natural abundances of each stable isotope are expressed
as per mil (‰) using delta notation: e.g. δ 15N = (Rsample/Rstandard)-1] x 1000; where
R = 15N/14N.
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2.4

Nutrient and Biomass Measurements
Samples were filtered through precombusted (450°C, 4hr) GF/F filters

(Whatman) and the filtrate was frozen for inorganic and organic chemical
analyses. Dissolved inorganic nutrients, namely NO 3-, NO2-, NH4+, and PO43- ,
were measured in triplicate on an autoanalyser according to techniques outlined
by Gordon et al. (1994) and Atlas et al. (1971). Measurement of total dissolved
nitrogen was performed in duplicate via persulfate oxidation and subsequent
autoanalysis using calibrations established by Bronk et al.(2000). Dissolved
organic nitrogen (DON) and dissolved organic phosphate (DOP) were calculated
as the difference between the total and inorganic fractions.
Bulk (0.7 µm) chlorophyll a (chl a) concentrations were measured from the
GF/F filters retained from initial sample processing. Additionally, an aliquot of
water was also filtered through 3.0 μm Nucleopore membranes and subsequently
filtered through a GF/F filter to determine chlorophyll a concentrations on the
<3μm size fraction. Samples were frozen over dessicant and analyzed within a
week of sampling. Measurements were conducted in duplicate using the
fluorometric method outlined by Holm-Hansen et al. (1965).
2.5

Data Analysis
In addition to chemical and physical measurements made during the

sampling periods of the entire study, additional monthly data for a suite of
chemical and physical parameters were obtained from Southeast Environmental
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Research Center (SERC) Water Quality Monitoring Network. These data were
used to determine robust spatial relationships of chemical parameters for the
entire period of the study. In determining these spatial relationships, chemical
data and chlorophyll a concentrations were sorted according to regions: west,
central and east. These regions were established as zones of similar chemical
influence through principal component analysis (Boyer et al. 1999).
Statistical analyses were performed using Statgraphics Centurion XV
(StatInc 2005). Before statistical routines were performed, all data were tested
for normality. Skewness and kurtosis were beyond the limits of normality and
the data distribution violates the assumptions for parametric analysis of variance
(ANOVA). The Kruskal-Wallis test, a non-parametric analog for ANOVA was
used to test that the medians for the west, central and eastern regions of the bay
are the same. The Kruskal-Wallis test results were graphically portrayed by
median plots with 95% confidence intervals. This allowed a visual determination
of the difference in the chemical and biological characteristics in the various
regions of the bay during the entire study period. The Wilcoxon signed rank test
was used to determine significant changes in isotopic compositions as a function
of seasonality. Multiple regression models were used to identify relationships
between primary productivity, seasonality and isotopic composition.
Spatial analysis of the data was performed using Surfer v.8 (Software
2006). Contour plots were constructed based on a linear variogram using the
kriging algorithm (Cressie 1993).
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3. Spatial Variations in the 15N Composition of Dissolved and Particulate
Components of Florida Bay and the Everglades

3.1

Abstract
Successful restoration of South Florida’s ecosystem is highly dependent

on a biogeochemical understanding of estuarine-watershed linkages between the
Everglades and Florida Bay. This study utilizes a stable isotopic approach (δ15N)
to determine the nutrient linkages between the two adjacent ecosystems. A
consistent east to west trend from more enriched to more depleted values was
observed in the dissolved nitrogen species and organic components, namely
particulate organic matter (POM), sediment and seagrass. In Florida Bay, 15N
values for both dissolved and particulate components ranged from 6-15‰ in the
east to 0-5‰ in the western region. This trend was also observed at the
Everglades sites. The large geographic variation in 15N values indicates
differing nutrient sources and biogeochemical behavior in the bay. The eastern
region is heavily influenced by inputs from the Everglades (Taylor Slough and C11); whereas, the western region is more subject to a mixture of sources which
include Shark River Slough and oceanic waters from the Gulf of Mexico. The
overlap in the 15N of Everglades DIN, and DOM and Florida Bay POM,
suggests that Everglades DOM may serve as an important nitrogen source and
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that nutrient contributions of the Everglades has the potential to significantly
influence the chemical characteristics of Florida Bay .
3.2

Introduction
Increasing anthropogenic activities in coastal environments has often led

to increasing nutrient supply to watersheds and their adjacent estuaries. Florida
Bay is a shallow, subtropical estuary located at the southern end of Florida,
bordered by the Everglades wetland and the Florida Keys, and connected to the
Gulf of Mexico at its western boundary (Fig. 3.1). Like many other estuaries,
within the past century Florida Bay has been greatly impacted by human activity
within South Florida (Sklar et al. 2002). Once naturally flushed by freshwater
sheet flow traversing the Everglades, Florida Bay experiences significant
changes to its hydrology when levees and canals on the South Florida mainland
were constructed in the early 1900s to divert and supply water to urban and
agricultural areas. This drained the Everglades, and ultimately restricted
hydrologic flow into its interconnected estuary, Florida Bay (Light & Dineen
1994). Today, water flows into Florida Bay through three main water catchments
in the Everglades: Taylor Slough, Shark River Slough and Canal C-111 (Fig.
3.1). Increased water supply demands also resulted in subsequent rainfall-based
water management practices. These continued to alter the magnitude and
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Figure 3.1 Map showing location of Florida Bay and adjacent water catchments, Shark River
Slough, Taylor Slough and Canal C-111.

timing of freshwater flow. Coincident chemical and ecological impacts, such as
nutrient enrichment, increased turbidity, seagrass decline, persistent
picocyanobacterial blooms and decline in populations of commercial seafood
species became prevalent, raising much concern about the increasing
degradation of Florida Bay (Zieman et al. 1988, Tilmant 1989, Durako 1994,
Durako & Kuss 1994, Light & Dineen 1994, McIvor et al. 1994, Ehrhardt &
Legault 1999, Lorenz 1999, Matheson Jr. et al. 1999, Phlips et al. 1999, Zieman
et al. 1999).
To mitigate the many ecological effects associated with changes in land
use and water management practices, a Comprehensive Everglades Restoration
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Plan (CERP) was established to restore sheet flow to conditions similar to what is
estimated to reflect pre-anthropogenic conditions. A likely result of restoring
surface flow through the Florida Everglades will be changes in the sources,
magnitude and ratios of nutrient inputs to Florida Bay. Such changes in nutrient
inputs may cause both chemical and biological responses in the bay but the
outcome is uncertain. To determine future ecological responses to changing
nutrient inputs, it is necessary to establish a fundamental understanding of
current nutrient dynamics that currently prevail in Florida Bay, as well as the
biogeochemical relationship between Florida Bay and its adjacent watersheds in
the Everglades.
The basic biological and chemical characteristics of Florida Bay have
been documented in previous studies (see Phlips & Badylak 1996, Boyer et al.
1997, Hitchcock et al. 1998, Vargo et al., 1998, Boyer et al. 1999); however, the
factors that control nutrient cycling are not completely understood. For instance,
the role of allochthonous vs. autotochthonous nutrients in supporting microalgal
blooms in the bay has been the subject of much debate among researchers. It
has been proposed that transport Everglades derived inputs that provide the
necessary biolimiting elements for persistent primary production (Lapointe 1997,
Brand 2001). Another hypothesis proposes that primary productivity has been
primarily driven by nutrients produced through in situ benthic recycling of organic
matter. Still others have hypothesized that Gulf of Mexico waters may be a
primary source of nutrients (Fourqurean et al. 1993, Rudnick et al. 1999).
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Although there is no consensus, researchers agree that it is important to
understand more about the potential sources of nutrients to Florida Bay as well
as the processes involved in nutrient uptake, transformations into biomass and
recycling into the dissolved inorganic and organic nutrient pools.
Stable isotopes have been used as indicators in numerous ecological
studies to trace uptake of distinct nutrient species (see (Fogel & Cifuentes 1993)
and references therein), to define trophic structure in food webs (e.g.(Minagawa
& Wada 1984, Peterson & Fry 1987, McClelland et al. 1997) and more recently,
to determine the fate of natural and anthropogenic sources of inorganic and
organic nitrogen in coastal aquatic ecosystems (e.g. (Macko & Ostrom 1994,
McClelland et al. 1997, McClelland & Valiela 1998, Middelburg & Niewenhuize
1998, Kao & Liu 2000, Mannino & Harvey 2000, Middelburg & Nieuwenhuize
2001, Raymond & Bauer 2001, Sigleo & Macko 2002, Canuel et al. 2003, Cole et
al. 2004, McCallister et al. 2004, Savage & Elmgren 2004, Savage et al. 2004,
Cole et al. 2005). It is possible to differentiate between nutrient sources such as
sewage and artificial fertilizers because they have distinct stable isotopic nitrogen
(δ15N) signatures. For instance, Costanzo et al. (2001) directly linked the
enriched 15N composition (5-9‰) of the red macroalgae, Catenella nipae, to
effluent from a sewage treatment plant in subtropical Moreton Bay, Australia.
These enriched δ15N signatures are not observed only in marine plants but also
in sessile marine organisms exposed to sewage such as the blue mussel (Mytilus
edulis) sampled in Boston Harbor (Tucker et al. 1999). On the other hand,
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DIN runoff from agricultural areas has depleted δ15N values (-2 to +2‰).
Synthetic inorganic fertilizers have δ15N values that are typically low, reflecting
their origin from atmospheric nitrogen used in the Haber-Bosch process (Macko
& Ostrom 1994, Vitoria et al. 2004, Bateman et al. 2005)
Variability of the 15N of the dissolved and particulate components of
estuaries is often explained as the mixing of sources (Wankel et al. 2006);
however, various biogeochemical processes such as nitrogen fixation, nitrate
assimilation, remineralization and denitrification are also important factors that
control nutrient dynamics in complex estuaries such as Florida Bay, Nitrogen
fixation can be distinguished from the process of denitrification because both
processes have distinct isotopic ranges (Fig. 3.2).

15

Figure 3.2
Range of δ N values for nitrogen sources and biogeochemical processes.
Sources are depicted by solid black arrows and processes are depicted by unfilled arrows.
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There are several potential sources of nutrients to Florida Bay. Besides
potential inputs from atmospheric deposition, ground water discharge and runoff
from the Florida Keys, the main possible sources of nutrients for Florida Bay are
hydrologic inputs from the main water catchments in the Everglades, namely the
Shark River Slough, Taylor Slough and Canal C-111, as well as inputs from the
Gulf of Mexico. Eastern Florida Bay is subject to periodic hydrologic flow from
Taylor Slough and the Canal C-111 tributary. Freshwater inputs from Everglades
catchments have the potential of providing large amounts of dissolved inorganic
nitrogen and dissolved organic matter to Florida Bay, since the hydrological
pathway encompasses the agricultural areas in South Dade County. Terrestrial
runoff from urban areas may also become incorporated into these freshwater
inputs into Florida Bay.
This study applies an integrative approach in which 15N analyses are
coupled with standard measurements of physical, biological and chemical
parameters to investigate the ecological relationship between Florida Bay and
the Everglades. The specific objectives of this study were 1) to determine the
geographic variability in the 15N composition of inorganic and organic nitrogen
and biological components both in the Everglades and Florida Bay, 2) to identify
linkages between nutrients from upstream Everglades sites to downstream
biological sinks in Florida Bay, and 3) identify significant processes that may
affect nutrient cycling in Florida Bay.
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3.3

Methods
3.3.1 Sampling Protocol
Sampling was conducted 6 times (November 2002, March and July 2003,

March and August 2004, and June 2005) at 7 main stations in Florida Bay and 3
stations from the Everglades watersheds (Figure 3.3). Samples were selected
along an east-west gradient in Florida Bay to represent the varying chemical
behavior outlined by Boyer et al. (1997, 1999): Sprigger Bank (1), Rabbit Key (2),
Barnes Key (3), Rankin Bight (4), Little Madeira (5), Duck Key (6), and Sunset
Cove (7). Initial sampling in November 2002 focused on sites within the bay and
based on the observed results, sites in the Everglades representing the three
major watersheds were included to assess the biogeochemical relationships
between the Everglades and Florida Bay: Shark River Slough (8), Taylor Slough
(9), and Canal C-111 (10). One Florida Bay station was sampled per day using
small boats and Everglades samples were obtained from the three water sources
via access roads in the Everglades National Park and the water control structure
of US Highway 1.
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Figure 3.3
Map showing all main study sites and baywide study sites. Main study sites are
labeled 1 through 10 and are represented by crosses. Site 1 = Sprigger Bank, 2 = Rabbit Key, 3
= Barnes Key, 4 = Rankin Bight, 5 = Little Madeira, 6 = Duck Key, 7 = Sunset Cove, 8 = Shark
River Slough, 9 = Taylor Slough, 10 = Canal C-111. Baywide survey sites are represented by
filled circles.

At each main site, ambient bulk water samples were collected from 10 cm
below the surface in 20 L carboys, precleaned by leaching with 10% HCl and
rinsing 3 times with deionized water. Surficial sediment and seagrass (Thalassia
testudinum) samples were also collected from each main site. Sediment
samples were collected using a petit Ponar grab sampler that scours the upper 23 cm of sediment from benthos. Whole intact seagrass shoots, sampled only in
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Florida Bay, and were simultaneously collected with the sediment. All water
samples were immediately returned to the laboratory for processing for nutrient
and bulk (0.7 µm) chlorophyll a (chl a) measurements and isotopic analyses.
Both sediments and seagrass samples were stored frozen for subsequent
isotopic analyses.
In addition to sampling at the main sites, a more detailed isotopic survey
of the bay was also conducted during 2003 and 2004. Particulate organic matter
(POM), seagrass and surficial sediments were collected at 33 sites (see
Appendix A) throughout the bay (Figure 3.3). Analyses of these samples did not
include wet chemistry and isotopic analysis of dissolved nutrients of water
samples.
3.3.2 Sample Processing and Analysis
A step-wise procedure was used to isolate the dissolved nutrient pools
and particulate organic matter (POM) from the ambient bulk water samples.
Water samples were passed through pre-combusted 0.7µm GF/F glass fiber
(Whatman) filters via a positive pressure system operating at 10 psi. Both the
filtrate and the (POM) residue on the GF/F filters were retained for subsequent
analysis. GF/F filters, with residues, were stored frozen until just prior to isotopic
analysis. Six liters of filtrate were stored frozen for subsequent isotopic analysis
of ammonium. Forty liters of filtrate were marked for isotopic analysis of the
dissolved organic matter; the filtrate was preserved with mercuric chloride and
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stored in a cool, dark place to minimize photochemical degradation of the
dissolved organic matter in the water.
A 125 ml aliquot was allocated for the analysis of nutrients. Dissolved
inorganic nutrients, namely NO3-, NO2-, NH4+, and PO43- were measured in
triplicate on an autoanalyser according to techniques outlined by Gordon et al.
(1994) and Atlas et al.(1971). Measurement of total dissolved nitrogen was
performed in duplicate via persulfate oxidation and subsequent autoanalysis
using calibrations established by Bronk et al.(2000). Dissolved organic nitrogen
(DON) and dissolved organic phosphate (DOP) were calculated as the difference
between the total and inorganic fractions.
Bulk chlorophyll a concentrations were measured from the GF/F filters
(Whatman) retained from initial sample processing. Samples were frozen then
stored over dessicant and analyzed within a week of sampling. Measurements
were conducted in duplicate using the fluorometric method outlined by HolmHansen et al.(1965).
In addition to chemical and physical measurements made during the
sampling periods of the entire study, additional monthly data were obtained from
Southeast Environmental Research Center (SERC) Water Quality Monitoring
Network for a suite of chemical and other environmental parameters (See
Appendix B for location of SERC sites).
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Isotopic analysis of the DIN pool was limited to measurement of
ammonium (15N-NH4+) because nitrate concentrations were too low, generally
≤1 uM. Samples were prepared using the ammonia diffusion method for analysis
of 15N-NH4+ in marine and estuarine waters (Holmes et al. 1998, Sebilo et al.
2004).
Isolation of dissolved organic matter (DOM) from 40 L of bulk water
samples, pre-filtered through 0.7µm GF/F glass fiber filter, was restricted to the
molecular weight fraction greater than 0.1 μm and greater than 1000Da. This
was achieved through tangential flow ultra-filtration of the bulk surface water
(Benner 1991, Benner et al. 1992, McCarthy et al. 1996, Benner et al. 1997,
Guegen et al. 2002). After concentration, each sample was desalted by adding
one liter of Milli-Q purified water to the concentrated sample and then reconcentrating to 150 ml three times (McCarthy et al. 1996). The samples were
then freeze-dried at -40°C and finely ground into powder with an agate mill.
Particulate organic matter (POM) retained on precombusted GF/F filters
was dried overnight in an oven at 50°C and then scraped to remove all organic
matter and the top layer of the GF/F filter. The scraped samples were then
homogenized, packed in tin capsules and stored in a desiccator until analysis.
Seagrass shoots were dissected to remove the mature secondary blades. The
blades were inspected and scraped to remove larger epiphytes, and were
subsequently treated with 0.1N HCL to remove the carbonates of any residual
epiphytes. The blades were then rinsed with Milli-Q water, and dried in an oven
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at 50°C. Surficial sediments were decarbonated with 0.1N HCl, rinsed with MilliQ water, and dried in an oven at 50°C. Both dried seagrass samples and
sediments were finely ground using an agate mill, packed and stored for
subsequent carbon and nitrogen isotopic analysis in the same way as the POM.
All isotopic analyses were conducted at the University of South Florida
Paleoceanography, Paleoclimatology, and Biogeochemistry (PPB) Laboratory
using a continuous flow Finnigan Mat Delta Plus isotope ratio mass spectrometer
(IRMS) coupled to a Carlo Erba elemental analyzer (EA). Samples were
introduced via an autosampler into the combustion furnace of the EA set at
1050°C.

Natural abundances of each stable isotope are expressed as per mil

(‰) using delta notation: e.g. 15N = (Rsample/Rstandard)-1] x 1000; where R =
15

N/14N.
3.3.3 Data Analysis

These data were used to determine robust spatial relationships of chemical
parameters for the entire period of the study. In determining these spatial
relationships, chemical data and chlorophyll a concentrations were sorted
according to regions: west, central and east. These regions were established as
zones of similar chemical influence through principal component analysis (Boyer
et al. 1999).
Statistical analyses were performed using Statgraphics Centurion XVI
(StatInc 2009). Before statistical routines were performed on nutrient and
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chlorophyll data obtained from SERC, all data were tested for normality.
Skewness and kurtosis were beyond the limits of normality and the data
distribution violated the assumptions for parametric analysis of variance
(ANOVA). Thus, the Kruskal-Wallis test, a non-parametric analog for ANOVA
was used to test that the medians for the west, central and eastern regions of the
bay are the same. The Mann-Whitney (Wilcoxon) test, with an applied
Bonferroni correction, was then conducted to determine which medians are the
same pairwise. These results were then graphically portrayed by box and
whisker median plots with 95% confidence intervals. This provides a visual
determination of the difference in the chemical and biological characteristics in
the various regions of the bay during the entire study period.
Spatial analysis of the isotopic data from the baywide survey was
performed using the software, Surfer 8.0. Contour plots were constructed based
on a linear variogram using a kriging algorithm (Cressie 1993).
3.4

Results
3.4.1 Nutrient and Phytoplankton Biomass Characteristics
Nutrient and biomass measurements made at the main study sites are

reported in Table 3.1. During this study the ranges for nutrients and biomass in
Florida Bay are typical of what is observed for the SERC monthly data used to
designate the western, central and eastern zones of the bay. DIN values were
lowest (< 1µM) at the two sites farthest west, Sprigger Bank and Rabbit Key;
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whereas, at the eastern sites of Little Madeira, Duck Key and Sunset Cove DIN
measurements were 2µM or greater. The lowest DON values were observed at
Sprigger Bank which is furthest to the west and is closest to the Gulf of Mexico.
PO43- concentrations were less than 0.2 uM within Florida Bay. In contrast DOP
concentrations in the bay were as much as 0.73 µM. The highest chlorophyll a
concentration was observed at Rankin Bight in the central part of the bay.
Table 3.1
Range of dissolved inorganic and organic nutrient concentrations and bulk
chlorophyll a for main sites sampled in Florida Bay and the Everglades. SB = Sprigger Bank, RK
= Rabbit Key, BK = Barnes Key, RB = Rankin Bight, LM = Little Madeira, DK = Duck Key, SC =
Sunset Cove, C-111 = Canal C-111, TS = Taylor Slough, SRS = Shark River Slough.

Site

DIN (µM)

SB
RK
RB
BK
LM
DK
SC
SRS
TS
C-111

min
0.34
0.37
0.82
0.32
1.91
2.61
2.48
3.05
1.28
2.14

max
4.64
5.34
13.87
25.72
11.66
12.69
10.62
12.06
7.26
16.52

DON (µM)
min
7.16
15.57
39.45
11.07
36.99
33.03
33.37
72.98
21.10
21.26

max
14.31
52.23
83.6
62.98
67.48
45.59
59.22
114.11
64.66
42.00

PO43- (µM)

DOP (µM)

min
0.02
0.00
0.03
0.05
0.00
0.00
0.04
0.11
0.04
0.00

min
0.11
0.07
0.25
0.05
0.21
0
0.08
0.45
0.14
0.06

max
0.08
0.1
0.12
0.07
0.17
0.09
0.08
0.29
0.08
0.09

max
0.65
0.31
0.73
0.49
0.35
0.44
0.24
0.80
0.28
0.53

Chl a (µM)
min
0.1
0.07
0.13
0.13
0.03
0
0.16
0.75
0
1.35

max
1.29
0.68
11.92
0.64
0.95
0.47
1.53
47.15
5.26
8.16

The minimum and maximum values of dissolved inorganic and organic
nitrogen and phosphorus, phytoplankton biomass (chlorophyll a) and nutrient
ratios for the western, central and eastern regions of Florida Bay during the entire
study period (2002-2005) are presented in Table 3.2. The Kruskal-Wallis and the
Mann-Whitney test results highlighted that the medians of each environmental
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parameter are statistically different between the zones (see Appendices C, D).
Median concentrations of NH4+ and NOx (NO3- + NO2-) were highest in the east, ≈
2 μM and 0.8 μM respectively, and decreased westward with NO x occurring at
lower concentrations than NH4+ (Fig. 3.4). Total organic nitrogen (TON)
concentrations were an order of magnitude larger than the dissolved inorganic
nitrogen (DIN) pool (NH4+ + NOx) and are greater in the central and western
regions of the bay, ranging from 5 to 127 µM (see Table 3.2). The median
concentrations of TON, TOC (total organic carbon), and SRP (soluble reactive
phosphate) were highest in the central bay, 32 uM, 841 uM, 0.04 uM,
respectively (Figures 3. 4 and 3.5). Total organic phosphate (TOP)
concentrations were highest in the western and central region of the bay, ranging
from 0.02 to 2.65 µM (Figure 3.5).
These spatial variations of both inorganic and organic nutrient pools
coincided with a respective photoautotrophic response (chlorophyll a). Median
chlorophyll a values (Figure 3.5) were higher in the western (0.61uM) and central
regions (0.52 μg/L) where DIN:SRP approaches Redfield values (16) in seston.
Chlorophyll a concentrations were lowest in the eastern region (0.65 μg/L), where
DIN:SRP values (≈135) greatly exceeded Redfield values.
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Table 3. 2
Range of concentrations of nutrients, chl a, and nutrient ratios for the western,
central and east regions of Florida Bay. Nutrient concentration ranges are based on monthly data
collected by Southeast Environment Research Center (SERC) Water Quality Monitoring Network
(WQMN). Dissolved inorganic phosphate is referred to as soluble reactive phosphate (SRP) in
accordance with the data reporting format of SERC WQMN.

West

Central

East

Minimum Maximum Minimum Maximum Minimum Maximum
NH4+ (μM)

0.02

3.34

0.11

28.07

0.00

19.82

NOx (μM)

0.03

2.78

0.03

4.31

0.04

7.53

TON (μM)

5.08

86.66

12.25

127.13

0.00

83.08

SRP (μM)

0.00

1.86

0.00

0.18

0.00

0.43

TOP(μM)

1.70

2.65

0.02

2.64

0.14

3.10

TOC (μM)

143.67

2280.83

298.77

1727.71

83.56

1752.77

Chl a (μg/L)

0.13

12.38

0.16

13.49

0.04

7.86

DIN:SRP

1.53

219.65

4.15

1977.58

2.35

9997.00

TON:TOP

20.36

1762.08

12.16

4901.19

12.81

15755.40
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P limitation

TOC (µM)

TON (µM)

NH4 (µM)

NOx (µM)

N limitation

West

Central

East

Figure 3.4
Median concentrations and their respective 95% confidence intervals for NO x
+
(NO3 + NO2 ), NH4 , total organic nitrogen (TON), and total organic carbon (TOC) in the western,
central and eastern regions of Florida Bay. Plots are based on monthly data obtained from the
Southeast Environment Research Center (SERC) Water Quality Monitoring Network (WQMN).
Zones are designated P-limited and N-limited based on observations reported by (Glibert et al.
2004).
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P limitation

Chl a (µg/L)

DIN:SRP

TP (µM)

SRP (µM)

N limitation

West

Central

East

Figure 3.5
Median values and the respective 95% confidence intervals for SRP (soluble
reactive phosphate), total phosphorus (TP), DIN:SRP, and chlorophyll a (chl a) in the western,
central, and eastern regions of Florida Bay. Plots are based on monthly data obtained from the
Southeast Environment Research Center (SERC) Water Quality Monitoring Network (WQMN).
Dissolved inorganic phosphate is referred to as soluble reactive phosphate (SRP) in accordance
with the data reporting format of SERC WQMN. Zones are designated P-limited and N-limited
based on observations reported by (Glibert et al. 2004).
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3.4.2 15N composition of dissolved nitrogen

The 15N values of ammonium (NH4+) collected over all sampling periods
ranged from 1 to 13‰ (Table 3.3) and the spatial distribution of δ 15N values of
NH4+ is presented in Figure 3.6a. In Florida Bay, the most enriched values were
observed in the eastern bay. The distribution of 15N-NH4+ values of Everglades
sites did not exhibit a clear east to west trend; however, the ranges of the 15NNH4+ from the eastern regions of the Everglades and Florida Bay showed some
overlap. The 15N values of DOM collected during the entire study ranged from
0.5 to 21‰ (Table 3.3) with only one sample greater than 12‰.

Episodic

events may present anomalies that deviate from the general isotopic trends; this
is believed to be the case for the maximum value of 21‰ measured for the 15NDOM of Canal C-111. The mean δ15N values of δ15N-DOM are presented in
Figure 3.6b, which shows an east to west δ 15N trend, from enriched to more
depleted values; this trend is evident for Florida Bay DOM and for Everglades
DOM. The isotopic range of Everglades DOM tightly overlaps with the broad
isotopic range of FL Bay DOM (1.76 to 6.80‰) (Table 3.3).
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15

+

Table 3.3
Range of δ N values of NH4 , POM, DOM, seagrass and sediment for all the
main study sites in Florida Bay and the Everglades. SB = Sprigger Bank, RK = Rabbit Key, BK =
Barnes Key, RB = Rankin Bight, LM = Little Madeira, DK = Duck Key, SC = Sunset Cove, C-111
= Canal C-111, TS = Taylor Slough, SRS = Shark River Slough. NA= not applicable; seagrass
not present at freshwater sites (Everglades).ND= no data.

NH4+

POM

15N (‰)
DOM

Seagrass

Sediment

Min

Max

Min

Max

Min

Max

Min

Max

Min

Max

Entire
Study

0.99

12.59

0.19

10.65

0.01

20.91

-1.95

13.47

0.74

15.52

SB

1.04

1.36

3.18

8.4

0.26

3.01

-1.95

8.34

0.81

5.04

RK

0.99

2.47

0.96

5.47

0.52

5.32

1.02

8.59

0.74

3.87

BK

2.83

3.22

0.58

5.18

0.01

6.85

1.63

8.76

1.43

2.76

RB

4.08

5.12

2.32

6.27

4.34

20.91

-0.83

8.41

2.56

6.48

LM

6.53

8.34

1.74

8.63

2.84

4.55

4.35

7.74

1.74

9.16

DK

3.82

12.59

2.38

10.08

2.32

9.12

5.23

11.75

2.38

8.68

SC

8.23

10.31

4.21

10.65

1.40

11.32

4.39

13.47

2.84

6.13

C-111

4.28

7.07

5.25

8.66

4.34

20.91

NA

NA

ND

ND

TS

1.28

8.04

0.19

10.49

2.30

4.47

NA

NA

2.41

8.00

SRS

5.43

6.83

3.11

5.47

1.91

3.01

NA

NA

4.14

15.52
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A

Everglades

15N NH4+ (‰ vs. Air)

Florida Bay

B

Everglades

⁄ = 20‰

15N DOM (‰ vs. Air)

Florida Bay

West

Figure 3.6

East

West

East

Box and whisker plots of δ15N of ammonium (panel A) and DOM (panel B) for Florida Bay and the Everglades Sites.
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3.4.3 15N composition of POM, seagrass and sediment
The 15N values of the POM collected from all sites over all sampling
periods ranged from 0.5 to 11 ‰ (Table 3.3 and the distributions of 15N values
of POM for each site are presented in Figure 3.7a. The 15N values for Florida
Bay POM were more enriched in the eastern bay and became more depleted
westward towards the Gulf of Mexico. A similar east to west trend, from more
enriched to more depleted values, was observed for the Everglades stations.
Contour plots based on data from the baywide isotopic survey confirms the
general trend of 15N depletion of Florida Bay POM from east to west (Figure
3.8a).
The 15N values of seagrass collected from all Florida Bay sites ranged
from -2 to 13‰ (Table 3.3). The median δ 15N values are presented in Figure
3.7b, showing that eastern sites exhibited more enrichment than western sites.
Contour plots of data from the baywide isotopic survey (Fig. 3.8b) confirms the
spatial gradient of east to west depletion in 15N of Florida Bay seagrass. The
15N values of sediment collected from all Florida Bay sites ranged from 1-9‰
(Table 3.3). The mean 15N values of Florida Bay sediments are presented in
Figure 3.7c. A similar east to west trend, observed in the dissolved pools as well
as the POM and seagrass, was evident for the 15N of the sediments. Sediments
were most enriched, in the east (≈9‰), and most depleted in the west.
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Figure 3.7
sites.

Box and whisker plots of δ15N of POM, seagrass and sediments of Florida Bay

71

15

Figure 3.8
Contour maps of mean  N values of POM, seagrass and sediments samples in
a baywide survey.
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3.5

Discussion
3.5.1 Nutrient and Biomass Characteristics
The coincidence of the highest chlorophyll a values with the greatest

availability of both inorganic and organic N and P concur with similar
observations previously noted by Brand and Suzuki (1999). The authors
hypothesized that the persistent algal blooms observed in the central region of
Florida Bay were directly related to the availability of high concentrations of both
nitrogen and phosphorus. Brand and Suzuki (1999) further suggested that
phosphorus requirements may be fulfilled by transport from the western region of
the bay and that fresh water inputs from the Everglades may supply the north
central region of the bay with adequate concentrations of inorganic nitrogen to
sustain extensive primary production. This hypothesis relies on hydrological
inputs from the Everglades to serve as a major source of carbon and nitrogen to
Florida Bay. Moreover, it points to an important biogeochemical relationship
between the Everglades nutrient source and biological sinks in Florida Bay.
3.5.2 The Influence of Source on the Spatial Variation of 15N of
Dissolved Nitrogen
The consistent observed east to west spatial variations in the 15N
composition of the DIN and DON pools also show that the three regions of the
bay are chemically different. Moreover, the isotopic differences in the various
regions of the bay point to differing nutrient sources.
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The sources of nitrogen in an estuary may be authochthonous or
allochthonous. The Everglades is one of the largest potential reservoirs of
external nitrogen supply to Florida Bay. The direct overlap of the nitrogen
isotopic compositions of Everglades NH4+ and DOM with the 15N values of
Florida Bay NH4+ and DOM (Fig. 3.6 a, b) suggests that upstream nutrient
sources in the Everglades influence the chemistry of Florida Bay particularly at
sites near the boundary between the two ecosystems. Eastern Florida Bay is
subject to seasonal input of freshwater flow from the Everglades via Taylor
Slough and Canal C-111 (Rudnick et al. 1999). Florida Bay receives
allochthonous nutrients originating from numerous sources such as wastewater
and agricultural runoff from the fields in South Florida and the products of
processes such as nutrient recycling occurring within the Everglades water
catchments. Agricultural effluent from fields treated with synthetic fertilizers is
usually isotopically light (-4 to +4‰) reflecting the atmospheric origin of the
starting reactants of the Haber-Bosch process used to make fertilizers (Macko &
Ostrom 1994); however, in oligotrophic systems such as the Everglades, applied
fertilizers would be quickly incorporated into the soil nutrient cycle. Excess
fertilizers can quickly volatilize leaving residual ammonium in the soils heavy.
The residual ammonium then becomes part of soil leachate. The δ15N-NH4+ of
soil leachate is dependent on many variables such as the original isotopic
composition of nitrogen in the soil and the amount of ammonium introduced as
fertilizer. Subsequent to addition of ammonium from fertilizers to the soil, the
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isotopic composition is also dependent on competitive nitrogen transformation
reactions, namely, assimilation by plants, organic matter mineralization,
nitrification and denitrification. As the leachate becomes continuously processed
through the various reactions, the isotopic signal of the NH 4+ pool becomes more
enriched the farther downstream the sheet flow progresses away from the
original source of the leachate. Nitrification as well as the assimilation of NH 4+
selects for the lighter

14

N and leaves the residual NH4+ pool more enriched in 15N,

thereby causing heavier 15N-NH4+ (Feigin et al. 1974). Thus the input of heavy
DIN originating in the Everglades is a contributor to the observed heavy values
noted in Eastern FL Bay.
Terrigenous runoff from the Everglades also provides an organic source of
nitrogen in the form of DOM via the Shark River Slough, Canal C-111 and Taylor
Slough. The isotopic range of Everglades DOM tightly overlaps with the broad
isotopic range of FL Bay DOM (1.76 to 6.80‰) (Table 3.3), which attests to the
varying chemical behavior in the western and eastern region of the bay.
Variations in the δ15N-DOM from the Everglades were evident; whereas, Jaffe et
al.(2005) noted a consistent 3.4‰ value for all Florida Coastal Everglades DOM
that they measured during December 2001 and January 2002. This difference in
observation is most likely a function of time of measurement and more
importantly, the natural variability in the chemistry of this complex ecosystem.
The ranged of values reported in this study span both the wet and dry periods.
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With the exception of Rankin Bight which is situated at the boundary
between Florida Bay and the Everglades, the westernmost sites are less
influenced by hydrological inputs from the eastern Everglades. The depleted
15N-DOM values at the western sites is potentially a combination of sources
from the Gulf of Mexico and long shore transport of flow from the Shark River
slough. While there is considerable overlap between the 15N values of the
Shark River slough and the western Florida Bay sites, the greater variability in
the 15N-DOM at the western sites suggest that although the Shark River Slough
may serve as a potential nitrogen source, other sources such as the Gulf of
Mexico or in situ generated dissolved nitrogen may also be incorporated into the
δ15N signal.
3.5.3 The Influence of Biogeochemical Processes on Spatial Variations
of Dissolved Nitrogen
Autochthonous sources of nitrogen in an estuary are typically associated
with biogeochemical processes occurring within the system. In addition to
surface runoff from the Everglades delivered to Florida Bay, in situ cycling
processes such as assimilation and mineralization of organic matter, as well as
coupled nitrification-denitrification occurring within the bay can also contribute to
the enriched 15N-NH4+. Nitrification-denitrification coupling is typical in the
sediments and thus would be a complex means of obtaining a

15

N enriched

source of ammonium. Supply to the overlying water column would be directly
dependent on fluxes out of the sediment and it is likely that this ammonium would
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be processed by bacterial communities. The residual heavy ammonium would
then be incorporated by primary producers. Ultimately remineralization of POM
can also release more heavy nitrogen into the system.
The fact that 15N values of eastern Florida Bay DOM fell within the 15N
values of Taylor Slough and Canal C-111 (Fig. 3.6b) suggests that Eastern
Florida Bay DOM is actually a mix of allochthonous sources and in situ generated
DOM or that similar biogeochemical processes are occurring in both ecosystems.
Water column mineralization of organic matter could cause δ 15N-DOM in the
eastern region to be more enriched. DOM is the product of remineralization of
particulate organic matter. Enriched POM that has resulted from the uptake of
heavy ammonium can break down to release heavy 15N-DOM. Moreover, as
heterotrophic bacteria break down DOM to release light NH 4+, the remaining
DOM becomes more enriched. Hence, the observations that Florida Bay DOM is
enriched during the entire study suggest that in situ processes such as
continuous mineralization can contribute to the enrichment of the DOM pool
particularly when there is diminished hydrological connectivity between the
Everglades and eastern Florida Bay.
In western Florida Bay, which is typically limited in dissolved inorganic
nitrogen, one explanation for the light 15N values of the DIN and DOM pools of
Florida Bay is the process of nitrogen fixation. Nitrogen fixation is mediated by a
specific group of microbes that possess the nitrogenase enzyme, which allows
them to fix dinitrogen (N2) to an utilizable form, NH4+. The 15N of dissolved N2 is
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~0.6‰ and little fractionation occurs during nitrogen fixation (-2.6 ± 1.3‰)
(Hoering & Ford 1960, Brandes & Devol 2002).

Therefore NH4+ that enters the

microbial loop and is then regenerated through mineralization will retain light
isotopic values. Moreover, in nitrogen limited systems the fractionation that
occurs upon uptake is small, thus ambient NH4+ would not be greatly enriched.
DOM produced from degradation of plankton would also be depleted in

15

N since

the starting organic material would be light from assimilation of depleted 15N
from N2 fixation (Benner et al. 1997). Nitrogen fixation may occur in the water
column as well as in benthic algal mats in the sediments. The western region of
Florida Bay has typically been characterized as having low biomass with diatoms
dominating the assemblage (Lavrentyev et al. 1998) but recent studies have
shown that microbial assemblages are variable and episodic bloom events do
occur in which Synechoccus become the dominant species (Glibert et al. 2004,
Evans et al. 2006). Some species of Synechococcus have been documented to
have the ability to fix nitrogen (Duerr 1981, Phlips et al. 1989). If Synechococcus
does resort to nitrogen fixation to sustain its populations, it is expected that the
―new‖ nitrogen incorporated into the nutrient cycle, and thus the biomass, would
be depleted likely yielding values around 0 to 2‰. It is important to note,
however, that nitrogen fixation is energetically costly; thus it is probably not the
primary mechanism for supporting large picoplanktic populations. Glibert et al.
(2004) documented the potential for picoplanktic populations to use smaller
organic molecules, like urea, for metabolic purposes. Thus, if these primary
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producers have access to an assimilable form of organic nitrogen with a depleted
δ15N composition, they will utilize what is available as opposed to fixing nitrogen.

3.5.4 The role of Everglades DOM as a Source of Nitrogen
A direct comparison of the 15N range of Florida Bay POM and DOM with
Everglades DOM (Fig. 3.9A) shows a very tight relationship among the three
parameters. Most Florida Bay POM, except for the westernmost site, fall in with
the linear pattern of the Everglades. Though it is not possible to provide a
statistical correlation, the trend clearly shows that there is a direct linkage
between the ecosystems and the relationship suggests that the Everglades is a
significant nutrient source of dissolved nitrogen for Florida Bay.
When the 15N POM is compared to the 15N DOM for both Florida Bay and
the Everglades, the eastern Florida Bay POM and DOM fall along the regression
line calculated for the Everglades. This is not the case for the western sites;
however, this behavior does emphasize the distinction in biogeochemical
behavior between the two end members of the bay.
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Figure 3.9
A. Geographical relationships between Florida Bay POM, Florida Bay DOM and
Everglades DOM. B. Crossplot of Florida Bay POM vs. DOM and Everglades POM vs. DOM.
The regression line represents the linear relationship of the Everglades sites and is used as a
reference to compare isotopic similarities between Florida Bay and the Everglades.

3.5.5 Spatial distribution of 15N of POM, seagrass and sediment
The large range of 15N POM observed in this study (0-11‰) (Table 3.3) is
greater than values documented in the literature for Florida Bay. Previously
measured values ranged from 2.7 to 7.8‰ (Chasar et al. 2005) and 0.3 to 3‰
(Evans et al. 2006). The differences in ranges can be attributed to timing and
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resolution of sampling, as well as the extent of spatial coverage during sampling.
Chasar et al. (2005) sampled once per year , in different months, from 19971999; whereas, Evans et al. (2006) reported the observations of a single
sampling during bloom conditions in November 2003. This study sampled
during both wet and dry periods from 2002-2005 and present the mean range of
15N POM for the entire study. These differences in findings underscore the
dynamic nature of Florida Bay and stress the importance of achieving adequate
spatial and temporal resolution during sampling to better understand the
contributions of exogenous nutrient sources and the role of biogeochemical
processes on nutrient dynamics in the bay. The baywide survey of the 15N POM
(Fig. 3.8) corroborates the observations made at the main sites (Fig. 3.7a) and
thus suggests that the resolution of the main sampling scheme is well within the
requirements to capture the necessary spatial resolution.
The nitrogen isotopic variability of particulate organic matter (POM) is a
function of nitrogen provenance and fractionation processes associated with
uptake of nutrients during photosynthesis and subsequent degradation of
senescing cells and other wastes. Typically the most assimilable substrate for
photosynthesis is ammonium. Isotopic fractionation associated with ammonium
uptake under nitrogen limiting conditions is ≤3‰; hence, 15N values of the POM
directly reflect the nitrogen source. Differing nitrogen sources are suggested by
the large spatial variability observed for the 15N POM (0-11‰). Nitrogen
isotopic enrichment of POM in the eastern bay suggests that the nitrogen source
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assimilated by phytoplanktic communities is significantly enriched. Since both
the dissolved inorganic and organic nitrogen pools are enriched, assimilation of
either or both forms of nitrogen would result in enriched particulate organic
nitrogen.
The similar east to west enrichment isotopic trends noted in seagrass and
surficial sediments (Fig. 3.7, 3.8) imply that benthic-pelagic coupling is an
important part of cycling in the bay. The range of 15N values (-2 to 13‰) of
seagrass observed in this study (Table 3.3) are similar to the findings of previous
studies. Corbett et al. (1999) noted that 15N of seagrass ranged from -1 to 13‰
within the bay and suggested that this gradient is most likely a function of
progressive denitrification of DIN provided by the Gulf of Mexico during tidal
exchange and the transport of

15

N enriched water from the subsurface adjacent

to the Florida Keys in Northeastern FL Bay. Another explanation for the large
gradient is the degree of fractionation upon uptake of DIN which may vary
seasonally based on the availability of DIN (Fourqurean et al. 2005). Although
the latter explanation may be plausible, neither study included a simultaneous
isotopic assessment of the water column or the sediments. Though it is possible
that the Gulf of Mexico provides some nutrients to the western region of Florida
Bay, on a whole the region is DIN limited. It is unlikely that this source combined
with progressive denitrification would be an adequate supply of DIN to seagrass
beds in the more interior regions of the bay, especially because the
anastomosing carbonate mudbanks provide physical impediment and create
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restricted circulation rendering long distance advection of nutrients unlikely. If
entry of 15N-enriched water from the subsurface sediments adjacent to the Keys
in NE Florida Bay was significant, the result would be very enriched values for
both seagrass and sediments; however, Bohlke et al. (2003) found that the 15NNH4+ in the saline ground waters underlying subaqueous carbonate sediments
only ranged from 2 to 7‰. The authors explained the source of the groundwater
NH4+ as the natural result of diagenetic alteration of organic matter in the
overlying sediments.
The idea of significant fractionation upon uptake of DIN cannot be entirely
dismissed since considerable NH4+ concentrations (8 μM) have been found in
eastern FL Bay sediments (Nagel 2004). However, considering the sediments
are similarly enriched (1-9‰) like the seagrass, it should be noted that
fractionation during uptake is only one part of a much more complex
biogeochemical process in which organic matter is mineralized and ammonium
may be generated and released to overlying waters. It is most plausible that

15

N

enrichment in the east is ultimately due to influence from the Everglades and lack
of circulation. Once heavy 15N enters the system, recycling processes amplify
the isotopic enrichment of the original source.
Florida Bay is a shallow system (<3m) in which benthic processes can
significantly drive water column processes. Although sediments in Florida Bay
are typically carbonate in nature, high amounts of organics from sinking plankton
and senescent seagrass, also comprise the sediments. In eastern Florida Bay
83

where circulation is restricted (Lee et al. 2001) and hypoxic conditions are
known to occur, microbially mediated processes in the sediment may play a
significant role in nutrient cycling (Nagel 2004, Burton Evans 2005, Gardner &
McCarthy 2005, Nagel 2007). Mineralization of sedimentary organic matter can
provide a source of dissolved organic nitrogen, which can then enter the
nitrification-denitrification pathway.
expected to be more enriched in

Ammonium leaving the sediments can be

15

N if the starting source for its generation would

likely be enriched. Continuous cycling through the mineralization-nitrificationdenitrification-DNRA loop would drive dissolved inorganic nitrogen pools to be
enriched. Sedimentary nitrogen fixation may also be a source of nitrogen to
Florida Bay. Benthic microalgal communities in the western region of Florida Bay
showed high nitrogen fixation rates (Nagel 2004). Thus, in situ nitrogen fixation
may well be a source of nitrogen to seagrass communities. Tight coupling
between water column and benthic processes can thus lead to similar east to
west isotopic trends reflected in both water column components as well as the
benthic components.
3.6

Conclusion
The use of stable isotopic analyses as part of a multi-parameter approach is a

highly efficient investigative strategy to determine nutrient sources and dominant
biogeochemical processes in South Florida’s ecosystem. This study is the first
investigation that encompasses the isotopic behavior of both dissolved and
particulate components of Florida Bay and the Everglades. Stable nitrogen
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isotopic measurements of all components show a consistent east to west trend.
Our data show consistent trends in the spatial distribution of 15N of dissolved
and particulate materials from the Everglades and Florida Bay. The large east
to west gradient from more enriched to more depleted δ15N of the water column
components attests to differing nutrient sources from east to west, and to
differing biogeochemical processes resulting from the unique chemical
characteristic regions in Florida Bay. The overlap of the 15N ranges from the
Everglades watersheds and the Florida Bay sites suggest a strong
interrelationship between the two systems.

Enriched values in the eastern

region of the bay are very consistent and can be considered as a compounded
signal from allochthonous inputs and in situ cycling processes such as
nitrification-denitrification coupling. The depleted 15N values in the western
region support the idea of inorganic N limitation in the west and the possibility of
a significant contribution to the biomass via nitrogen fixation, whether pelagic or
benthic or both. This research contributes to the baseline record aimed at
understanding the current biogeochemical cycling occurring in Florida Bay and
supports the hypothesis that the Everglades is a huge potential reservoir of
dissolved nitrogen for Florida Bay.
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4. Temporal Variations in Nitrogen Isotopic Behavior in Florida Bay and the
Everglades: A Wet vs. Dry Season Comparison

4.1

Abstract
The ability to predict future ecological responses to hydrologic restoration

in Florida Bay is dependent on a developing a thorough understanding of the
current biogeochemical processes that influence nitrogen cycling. This research
applies an isotopic approach to establish linkages between seasonal changes in
hydrological input and dominant nitrogen processes in the bay. Isotopic
depletion was observed in the dissolved inorganic and organic nitrogen pools as
well as particulate and sedimentary organic matter during the wet season. The
largest shifts to more depleted values occurred in the eastern region of the bay
where the freshwater input to the bay was greatest. The isotopic similarity
between Everglades dissolved organic matter (DOM) and dissolved inorganic
nitrogen (DIN) pools and eastern Florida Bay DOM and DIN suggests that
freshwater inputs exert some degree of influence on nutrient pools within the bay.
However, processes that lead to depleted 15N values were also considered;
dissimilatory nitrate reduction has been known to occur primarily within the wet
period and could also contribute light ammonium to the dissolved inorganic
nitrogen pool. Elevated 15N values of ammonium and DOM during the dry
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season were attributed to increased denitrification which would then also be
reflected in the particulate components of the bay. Comparison of the isotopic
compositions of Everglades nutrient pools with Florida Bay POM suggests a tight
linkage at sites that are affected by freshwater discharge from Everglades water
catchments. The enhanced primary production observed in the central region of
the bay is most likely the result of increased nutrient availability and the ability of
the phytoplankton population to utilize both the DIN and the DON pools. The
relatively low 15N values (0-3‰) observed in the western region was attributed to
nitrogen fixation. These findings suggest that differential predominance of
nitrogen processes based on geographic and seasonal changes should be
considered when assessing current and future ecological responses to
hydrologic restoration efforts.
4.2

Introduction
Eutrophication of estuaries has increased as a result of urban

development and other anthropogenic activities in coastal ecosystems. These
coastal environmental threats have been the impetus for the establishment of
better water management practices that control nutrient loadings in freshwater
inputs to estuaries. As a result of a series of devastating ecological changes in
the Everglades and Florida Bay ecosystems in South Florida, the Water
Resources Development Act was established in 2000. This act approved the
Comprehensive Everglades Restoration Plan (CERP) that proposes as its goal
―the recovery and protection of the South Florida ecosystem so that it once again
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achieves and sustains those essential hydrological and biological characteristics
that defined the undisturbed South Florida ecosystem.‖
Florida Bay, a subtropical estuarine lagoon, located at the southern end of
Florida is one of the largest coastal ecosystems in the state. It is bordered on the
north by the Everglades and on the south by the Florida Keys; its western
boundary is an interface with the Gulf of Mexico. The bay averages 1m in depth
and is characterized by a network of shallow carbonate mudbanks (Wanless &
Tagett 1989) that restricts water exchange and defines salinity characteristics of
the bay (Nuttle et al. 2000, Lee et al. 2001). In the late 1980s, the bay began to
experience several ecological changes that indicated degradation in ecological
health of the bay. Massive seagrass dieoffs followed by phytoplankton blooms
began to affect higher trophic levels that include economically important species
(Fourqurean & Robblee 1999, Zieman et al. 1999).
Under CERP, specific restoration targets for Florida Bay include the
reestablishment of diffuse freshwater flow into the bay that will minimize
hypersalinity events that have been cited as the cause of for declining
populations of upper trophic level populations. Perhaps the most central concern
of these targeted efforts is the possible effects that establishing sheet flow would
have on water quality in the bay (CERP 2009).

It is anticipated that changing

the quantity, quality and timing of freshwater input into the bay will alter the
quantity of nutrient inputs into Florida Bay, increasing the delivery of dissolved
nitrogen and possibly phosphorus to the estuary. One of the concerns of
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increasing nutrient loading in the bay is that algal bloom frequency may increase
(Brand 2001, Jurado et al. 2007). Algal blooms have been suggested to be
detrimental to benthic communities such as seagrass beds by increasing light
attenuation and high organic matter loading which leads to increased biological
oxygen demand and declines in seagrass production (Rudnick et al. 2005) . This
cascading effect has been purported to be the cause of previous declines of
seagrass communities in the bay (Durako et al. 2002). Since seagrass
communities are considered essential habitats for upper trophic level species,
maintaining adequate water quality is critical to sustaining the base of Florida
Bay’s food web.
The most recent monitoring and assessment plan for coastal South
Florida ecosystem identifies the need for an accurate water quality model that will
provide the predictive capability of forecasting future ecological responses to
changing nutrient inputs into Florida Bay (CERP 2009). The lack of an accurate
water quality model underscores the need to identify dominant nutrient sources
and processes that direct ecosystem dynamics in the bay. To date there is still
much that is not understood about the intricacies of nutrient cycling within the
bay. The role of dissolved organic inputs originating from the Everglades is still
being investigated. Although the general molecular characteristics Everglades
and Florida Bay dissolved organic matter (DOM) are well characterized and
recent mesocosm experiments have shown that phytoplanktic populations in
Florida Bay can utilize DOM (Glibert et al. 2004, Boyer et al. 2006), little is known
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about the actual in situ contribution of this large potential reservoir of nitrogen to
primary production. Furthermore, it is only recently that studies have begun to
investigate the role of in situ nitrogen transformation processes in directing
primary production both in the benthos and the water column. Nitrogen fixation
by benthic microalgal communities (BMA) has been identified as a source of
―new nitrogen‖ in Florida Bay (Nagel 2004) and BMA biomass was found to be
greatest in non-seagrass dominated sediments (Burton Evans 2005); ammonium
fluxes out of the sediments were observed during the summer months. Gardner
et al. (2009) found that these ammonium fluxes out of the sediments were
associated with dissimilatory nitrate reduction; simultaneously denitrification is
inhibited when sulfide concentrations are high in porewaters.
Although the identification of these processes have been documented and
proposed as influential processes in Florida Bay’s nitrogen cycle, there remains
the need for a ―big picture‖ perspective in which, all nitrogen transformations are
taken into account and their relative importance is determined in the context of
seasonal changes within the estuary. Such a perspective would provide the
framework for improving current nitrogen budgets and establishing an effective
water quality model for Florida Bay. The development of such a model is crucial
to improving the ability to predict changes in the magnitudes of nutrient inputs,
cycling and bioavailability.
This objective of this study was to investigate the effects of seasonality on
nitrogen biogeochemistry in Florida Bay. Specific objectives were 1) to
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determine seasonal effects on nutrient sources supporting primary production in
the bay and 2) to identify dominant nitrogen processes that drive ecosystem
function during the wet and dry periods. This study uses a nitrogen isotopic
perspective to achieve these objectives. Stable nitrogen isotopes provide an
effective means of delineating between differing nutrient sources because they
exhibit different ranges of values; moreover, nitrogen transformations involve
changes in 15N ratios that are generally predictable and can be deduced by
nitrogen isotopic (15N) composition of the measured parameters (Kendall et al.
2007). Here, isotopic measurements encompass both the dissolved and
particulate pools within Florida Bay and the Everglades to identify seasonal
relationships between the two ecosystems and to determine the relationship
between the dissolved and particulate pools within the bay.
4.3

Materials and Methods
4.3.1 Sampling Protocol
Sampling was conducted during March and July 2003 at 7 main stations in

Florida Bay and 3 stations from the Everglades watersheds (Figure 3.3).
Samples were selected along an east-west gradient in Florida Bay to represent
the varying chemical behavior outlined by (Boyer et al. 1997) and (Boyer et al.
1999): Sprigger Bank (1), Rabbit Key (2), Barnes Key (3), Rankin Bight (4), Little
Madeira (5), Duck Key (6), and Sunset Cove (7). Three sites in the Everglades
representing the three major watersheds were included to assess the
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biogeochemical relationships between the Everglades and Florida Bay: Shark
River Slough (8), Taylor Slough (9), and Canal C-111 (10). One Florida Bay
station was sampled per day using small boats and Everglades samples were
obtained from the three water sources via access roads in the Everglades
National Park and the water control structure of US Highway 1.

Figure 4.1
Map showing all main study sites and baywide study sites. Main study sites are
labeled 1 through 10 and are represented by crosses. Site 1 = Sprigger Bank, 2 = Rabbit Key, 3
= Rankin Bight, 4 =Barnes Key, 5 = Little Madeira, 6 = Duck Key, 7 = Sunset Cove, 8 = Shark
River Slough, 9 = Taylor Slough, 10 = Canal C-111. Baywide survey sites are represented by
filled circles.

At each main site, ambient bulk water samples were collected from 10 cm
below the surface in 20 L carboys, precleaned by leaching with 10% HCl and
rinsing 3 times with deionized water. Surficial sediment and seagrass (Thalassia
testudinum) samples were also collected from each main site. Sediment
92

samples were collected using a petit Ponar grab sampler that scours the upper 23 cm of sediment from benthos. Whole intact seagrass shoots, sampled only in
Florida Bay, and were simultaneously collected with the sediment. All water
samples were immediately returned to the laboratory for processing for nutrient
and chlorophyll a measurements and isotopic analyses. Both sediments and
seagrass samples were stored frozen for subsequent isotopic analyses.
In addition to sampling at the main sites, a more detailed isotopic survey
of the bay was also conducted. Particulate organic matter (POM), seagrass and
surficial sediments were collected at 33 sites throughout the bay (Figure 4.1).
Analyses of these samples did not include wet chemistry and isotopic analysis of
dissolved nutrients of water samples.
4.3.2 Sample Processing and Analysis
A step-wise procedure was used to isolate the dissolved nutrient pools
and particulate organic matter (POM) from the ambient bulk water samples.
Water samples were passed through pre-combusted 0.7µm GF/F glass fiber
(Whatman) filters via a positive pressure system operating at 10 psi. Both the
filtrate and the (POM) residue on the GF/F filters were retained for subsequent
analysis. GF/F filters, with residues, were stored frozen until just prior to isotopic
analysis. Six liters of filtrate were stored frozen for subsequent isotopic analysis
of ammonium. Forty liters of filtrate were marked for isotopic analysis of the
dissolved organic matter; the filtrate was preserved with mercuric chloride and
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stored in a cool, dark place to minimize photochemical degradation of the
dissolved organic matter in the water.
A 125 ml aliquot was allocated for the analysis of nutrients. Dissolved
inorganic nutrients, namely NO3-, NO2-, NH4+, and PO43- were measured in
triplicate on an autoanalyser according to techniques outlined by Gordon et
al.(1994) and Atlas et al.(1971). Measurement of total dissolved nitrogen was
performed in duplicate via persulfate oxidation and subsequent autoanalysis
using calibrations established by Bronk et al.(2000). Dissolved organic nitrogen
(DON) and dissolved organic phosphate (DOP) were calculated as the difference
between the total and inorganic fractions.
Bulk chlorophyll a (chl a) concentrations were measured from the GF/F
filters retained from initial sample processing. Samples were frozen then stored
over dessicant and analyzed within a week of sampling. Measurements were
conducted in duplicate using the fluorometric method outlined by Holm-Hansen
et al.(1965).
In addition to chemical and physical measurements made during the
sampling periods of the entire study, additional monthly data was obtained from
Southeast Environmental Research Center (SERC) Water Quality Monitoring
Network (WQMN) for a suite of chemical and other environmental parameters.
Isotopic analysis of the DIN pool was limited to measurement of
ammonium (15N-NH4+) because nitrate concentrations were too low, generally
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≤1 uM. Samples were prepared using the ammonia diffusion method for analysis
of 15N-NH4+ in marine and estuarine waters (Holmes et al. 1998, Sebilo et al.
2004).
Isolation of dissolved organic matter (DOM) from 40 L of bulk water
samples, pre-filtered through 0.7µm GF/F glass fiber filter, was restricted to the
molecular weight fraction greater than 0.1 μm and greater than 1000Da. This
was achieved through tangential flow ultra-filtration of the bulk surface water
(Benner 1991, Benner et al. 1992, McCarthy et al. 1996, Benner et al. 1997,
Guegen et al. 2002). After concentration, each sample was desalted by adding
one liter of Milli-Q purified water to the concentrated sample and then reconcentrating to 150 ml three times (McCarthy et al. 1996). The samples were
then freeze-dried at -40°C and finely ground into powder with an agate mill.
Particulate organic matter (POM) retained on precombusted GF/F filters
were dried overnight in an oven at 50°C and then scraped to remove all organic
matter and the top layer of the GF/F filter. The scraped samples were then
homogenized, packed in tin capsules and stored in a desiccator until analysis.
Seagrass shoots were dissected to remove the mature secondary blades. The
blades were inspected and scraped to remove larger epiphytes, and were
subsequently treated with 0.1N HCL to remove the carbonates of any residual
epiphytes. The blades were then rinsed with Milli-Q water, and dried in an oven
at 50°C. Surficial sediments were decarbonated with 0.1N HCl, rinsed with MilliQ water, and dried in an oven at 50°C. Both dried seagrass samples and
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sediments were finely ground using an agate mill, packed and stored for
subsequent carbon and nitrogen isotopic analysis in the same way as the POM.
All isotopic analyses were conducted at the University of South Florida
Paleoceanography, Paleoclimatology, and Biogeochemistry (PPB) Laboratory
using a continuous flow Finnigan Mat Delta Plus isotope ratio mass spectrometer
(IRMS) coupled to a Carlo Erba elemental analyzer (EA). Samples were
introduced via an autosampler into the combustion furnace of the EA set at
1050°C.

Natural abundances of each stable isotope are expressed as per mil

(‰) using delta notation: e.g. 15N = (Rsample/Rstandard)-1] x 1000; where R =
15

N/14N.
4.3.3 Data Analysis
Statistical analyses were performed using Statgraphics Centurion XVI

(StatInc 2009). All data were tested for normality; whenever, the data was found
to be not normal, non-parametric statistical routines were applied.

Salinity data

were obtained from the Southeast Environmental Research Center Water Quality
Monitoring Network. Spatial analysis of salinity data was performed using the
software, Surfer 8.0. Contour plots were constructed based on a linear variogram
using a kriging algorithm (Cressie 1993).
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4.4

Results
4.4.1 Temporal changes in physical variables, nutrients and biomass
Freshwater discharge into Florida Bay from creeks draining the

Everglades increase as the onset of the wet season brings a significant increase
in rainfall (Fig. 4.2a). This discharge is reflected in the decreased salinity
observed in northeastern Florida Bay (Fig. 4.2b). There was no appreciable
change in NOx (Fig. 4.3) except at station 3 (Rankin Bight) and at station 6 (Duck
Key). At Rankin Bight, NOx increased from ~0 to ~1.5 µM; whereas at Duck Key
in northeastern Florida Bay, NOx decreased from ~2 to 0.5 µM. Ammonium
concentrations increased at four of the seven sites in the bay but there was no
distinct trend (Fig. 4.3). DON concentrations remained higher in the eastern and
central regions of the bay (stations 3-7) than in the western region (Fig. 4.3).
Only the central bay (stations 3, 4) showed a uniform increase in DON. Dissolved
inorganic phosphate (PO43-) increased at all sites within the bay (Fig. 4.4); the
highest concentration of phosphate in the wet season was measured at station 3
(Rankin Bight). The elevated concentrations of dissolved nitrogen and
phosphate observed at Rankin Bight coincided with a significant increase in
chlorophyll a (from 0.7 to ~12 µg/L) at that site (Fig. 4.5).
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Figure 4.2
A) Graph showing average South Florida rainfall and average discharge at Trout Creek into northeastern Florida Bay during wet
and dry sampling periods in 2003. B) Contour plots of salinity during wet and dry periods. Rainfall and discharge data were obtained from the
South Florida Water Management District (SFWMD) and salinity data were obtained from the Southeast Environmental Research Center Water
Quality Monitoring Network.
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Figure 4.3 Plots of the dissolved nitrogen concentrations in Florida Bay during the dry season
and the wet season. Top panel = NOx (nitrate+nitrite), middle panel = NH4+, lower panel = DON.
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Figure 4.4
Plot of dissolved inorganic phosphate (PO43-) concentrations in Florida Bay
during the dry and wet seasons.

Figure 4.5
seasons.

Plot of bulk chlorophyll a concentrations in Florida Bay during the wet and dry
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4.4.2 Seasonal Variations in the 15N of Dissolved Nitrogen Pools
Seasonal changes in the nitrogen isotopic composition of ammonium were
observed only eastern Florida Bay, where the 15N values decreased by 2 to 4‰
during the wet season (Fig. 4.6). There was virtually no seasonal difference in
the isotopic composition of ammonium from the Everglades station 8 (Shark
River Slough); however, the 15N values of ammonium did increase at Canal C111 during the wet season (Fig. 4.6). Within the DOM pool, there was a general
decrease in the 15N in both Florida Bay and the Everglades (Fig. 4.7). In Florida
Bay, these isotopic shifts ranged from 3-9‰, with the largest shifts occurring in
the central and eastern regions (stations 4, 6, 7). In the Everglades, station 8
(Shark River Slough) exhibited a 0.5‰ increase in 15N. On the other hand,
station 9 (Taylor Slough) and 10 (Canal C-111) exhibited a shift to lower 15N
values. Canal C-11 exhibited and extreme shift of about 17‰; whereas, Taylor
Slough exhibited a more modest shift of ~3‰.
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Figure 4.6
Plot of nitrogen isotopic composition of ammonium from Florida Bay and the
Everglades during the dry and wet seasons.
21‰

Figure 4.7
Plot of nitrogen isotopic composition of DOM from Florida Bay and the
Everglades during the wet and dry seasons. The y-axis scale is broken to accommodate the
outlying data point for Canal C-111 (21‰) during the dry season.
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4.4.3 Temporal Variations in the 15N of POM, Seagrass and Sediments
The main Florida Bay sites (1-7) show variable isotopic shifts in the
nitrogen isotopic composition of POM (Fig. 4.8a); however investigation at
greater resolution (Fig. 4.8 b) shows that there is a significant trend (2.9‰) to
lower 15N values (Wilcoxon signed rank test: P = 1.38 E-6,  = 0.05).
Everglades POM (stations 8, 9, 10) exhibited a shift to more depleted values
during the wet season (Fig. 4.8a). In comparison to 15N values of POM,
seasonal isotopic shifts in seagrass were more variable site to site (Fig. 4.9a);
however, there was a general trend towards more enriched values ( Wilcoxon
signed rank test: P = 6.76 E-3; = 0.05) during the wet season in which the
average shift was ~0.65‰ (Fig 4.9b). These isotopic shifts are much smaller than
what was observed for the dissolved nitrogen pool or for POM. Florida Bay
sediments (Fig 4.10 a, b), like POM, became more depleted (1‰ shift) during the
wet season (Wilcoxon signed rank test: P = 4.66 E-3; = 0.05).
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Figure 4.8
Temporal variations in the 15N of Everglades and Florida Bay POM. A) Isotopic
15
shifts at main Florida Bay and Everglades sites. B) Isotopic shifts in the  N of POM from
Florida Bay main and baywide survey sites. The solid black line represents a 1:1 relationship.
Data points to the left of the line depict shifts to lower (depleted) values.
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Figure 4.9
Temporal variations in the 15N of seagrass in Florida Bay. A) Seasonal isotopic
15
shifts at main Florida Bay sites. B) Isotopic shifts in the  N of seagrass from Florida Bay main
and baywide survey sites. The solid black line represents a 1:1 relationship. Data points to the
left of the line depict shifts to lower (depleted) values; conversely data to the right of the 1:1 line
depict enrichment.
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Figure 4.10
Temporal variations in the 15N of sediment in Florida Bay. A) Seasonal isotopic
shifts in sediments of main Florida Bay sites. B) Isotopic shifts in the 15N of sediments from
Florida Bay main and baywide survey sites. The solid black line represents a 1:1 relationship.
Data points to the left of the line depict shifts to lower (depleted) values; conversely data to the
right of the 1:1 line depict enrichment.
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4.5

Discussion
4.5.1 Relationship between Phytoplankton Biomass and Nutrient

Availability
Within the wet period sampled here, salinity decreased markedly only in
the uppermost region of northeastern and central Florida Bay. In comparison,
the rest of the bay maintained similar salinity conditions as in the dry season,
except for the far southwest corner of the bay, which became more saline (>38).
Seasonal freshwater flow from the Everglades typically transports inorganic and
organic nitrogen into Florida Bay (Boyer & Jones 1999, Rudnick et al. 1999).
During this wet period sampled there was no appreciable increases in NO x
concentrations but ammonium increased at stations 5 and 7 (Little Madeira and
Sunset Cove). The large increase in chlorophyll a is coincident with a
considerable increase in phosphate and DON. This suggests that phytoplanktic
populations were able to take advantage of the increase in nutrients from
terrestrial runoff. This biological response in the central region of the bay during
the wet season has been well documented in the literature (Phlips et al. 1989,
Brand & Suzuki 1999, Brand 2001).
4.5.2 Seasonal Behavior of the Dissolved Nitrogen Pool: The Importance
of Allocthonous Inputs and In Situ Processes
The decrease in 15N values of ammonium at stations 5, 6 and 7 during
the wet season could be due to two mechanisms. The first factor could be the
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influx of freshwater that transports water more depleted in

15

N, which would

slowly mix with ambient bay water and produce the intermediate values
observed. The second contributing mechanism that should be considered is a
shift in the processes governing ammonium. During the dry season, 15N of
ammonium is considerably more enriched (2-4‰) than in the wet season. These
enriched values are most reflective of heightened nitrification-denitrification
coupling which ultimately results in higher fractionation in the DIN pool. During
the wet season, it is possible that the dominant process switches from
denitrification to dissimilatory nitrate reduction (DNRA).

Increases in potential

DNRA rates in Florida Bay have been observed during the summer months
(Gardner & McCarthy 2009). Simultaneously, denitrification rates decreased as
sulfide concentrations increase. Increased sulfide concentrations not only inhibit
denitrification but it also enhances DNRA (Brunet & Garcia-Gil 1996). The warm
environment of the bay would also favor increased ammonium flux into the water
column from the sediments as high temperatures are also conducive to DNRA.
Moreover, high organic loading coupled with low nitrate concentrations (Fig. 4.3)
would also favor DNRA (Nijburg et al. 1997). If DNRA becomes the predominant
process, in shallow water environments like Florida Bay, there would be a net
flux of 15N depleted NH4+ out of the sediments as DNRA would favor the
production of lighter ammonium (McCready et al. 1983). This would explain the
observed decrease in 15N values of ammonium.
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The depletion in 15N values of DOM during the wet season may be the
result of a combination of inputs and processes. In the eastern region of Florida
Bay, which is most affected by Everglades discharge, the low isotopic
composition could be a reflection of freshwater input that is transporting DOM
that is depleted in 15N. There is a strong correlation between DON
concentrations and DOM during the wet season (Fig. 4.11) and the isotopic
similarity between Everglades DOM and DOM from the eastern region of Florida
Bay support this argument. It is also possible that there is some in situ
contribution to the DOM pool. During the wet season when phytoplankton
biomass increases, POM tends to also shift to lighter values. Mineralization of
this particulate organic matter would also produce

15

N depleted DOM. In the

central region of the bay, the long residence time of waters in the inner bay would
preclude allochthonous inputs to the DOM pool in the western region of the bay.
It is possible that long shore transport of Everglades water via the Shark River
Slough (station 8); however, the DOM from the western region of Florida Bay is
more depleted than what was observed for Shark River Slough water. The most
likely cause of such depleted values (close to 0‰) in the western bay is nitrogen
fixation. Nitrogen fixation may occur in the water column and it may also occur in
benthic microalgal (BMA) mats. Nagel (2004) measured very high nitrogen
fixation rates in BMA mats in western Florida Bay. In fact, Nagel (2004) noted
that the highest rates of nitrogen fixation in BMA mats occurred in June. Nagel’s
study overlapped the time period this study (June 2003). These findings give
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credence to the idea that the base of the food web was being supported by
nitrogen fixation. Ultimately heterotrophic contribution to the DOM pool would
result in the very light values observed.

Figure 4.11
Crossplot of dissolved organic nitrogen (DON) vs. 15N DOM, showing significant
correlation during the wet season (r2 = 0.5832, P=0.0457).

4.5.3 Factors Affecting Seasonal Isotopic Variability in POM, Seagrass
and Sediment
The shift to more depleted 15N values of POM (Fig. 4.8) coincides with
similar shifts observed in both the dissolved organic and inorganic nitrogen pools.
This shift has also been documented in other studies (Chasar et al. 2005, Evans
2009). Generally during the wet months, dissolved nitrogen and phosphate
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availability increase, thus increasing primary production. As mentioned in the
discussion of the dissolved nitrogen pool, assimilation of

15

N depleted dissolved

nitrogen during photosynthesis, whether inorganic or organic, would result in
depleted values of particulate organic matter.
It is important to note that although phytoplankton biomass increased at
other sites, site 3 (Rankin Bight) was the only site that exhibited a large
difference in chlorophyll a. Interestingly, both NO x and DON concentrations
increased along with inorganic phosphate. Ammonium concentrations, however,
did not change; this is most likely because it is quickly assimilated as it becomes
available. The large DON increase at site 3 is likely a combination of runoff from
the Everglades and DON from in situ production. Although the 15N of POM at
this site is ~3‰, it is unlikely that nitrogen fixation alone is sustaining heightened
primary production in light of the availability of NOX and DON. Any dissolved
nitrogen provided from freshwater flow and/or benthic processes is more likely to
be the sustaining substrate. The isotopic similarity among Shark River Slough
DOM, and POM from Rankin Bight supports this argument. Moreover, the
energy costs of synthesizing nitrogenase, the essential enzyme for fixing
nitrogen, is large (Howarth et al. 1988). It is possible that the primary producers
are utilizing a labile fraction of the DOM pool. Although DOM was once thought
to be refractory, recent studies have shown that not only bacterial populations but
also cyanobacterial populations in estuarine environments are capable of utilizing
various classes of organic nitrogenous compounds (Carlson & Graneli 1993,
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Seitzinger et al. 2002, Bronk et al. 2007). In Florida Bay, Glibert et al. (2004)
documented a positive correlation between cyanobacterial biomass and urea
uptake; they also found that phytoplankton biomass responded positively to DON
additions in bioassays. The potential for utilization of DON by phytoplanktic
populations poses important implications for nitrogen cycling in Florida Bay, in
light of pending hydrologic restoration. If sheet flow is increased in the
Everglades, the magnitude of DON transported to the bay will increase. This
would provide an even larger pool of potentially labile DON for primary
production. The actual lability of Everglades DON has been called into question;
however, experiments investigating the bioavailability of Everglades DOM,
showed that phytoplanktic populations responded significantly to additions of
DOM isolated from the Taylor Slough catchment in the Everglades (Boyer et al.
2006). These results support the isotopic relationship observed between POM at
sites of high primary production and DOM inputs from the Everglades.
Primary production in benthic communities may offer a different
perspective of nitrogen cycling within Florida Bay. Unlike POM, seagrass did not
show an overall trend towards more depleted 15N values; rather seagrass tended
to become more enriched (0.65‰) during the wet season. Similar observations
were made by Fourqurean et al. (2005) at sites within the Florida Keys National
Marine Sanctuary. It is possible that this small degree of enrichment could be
attributed to decreased nitrogen availability during primary production; however,
the starting isotopic composition of porewater DIN available to seagrass for
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photosynthesis cannot be dismissed. The nitrogen isotopic composition of this
reservoir remains unknown. Future nitrogen isotopic assessment of sediment
pore waters in tandem with isotopic assessment of seagrass at higher temporal
resolution may resolve this unknown. The present observations however,
underscore the complexities of nitrogen cycling and availability to different
primary producers in the bay.
Despite the fact that sediments also trended toward depleted values
during the wet season, there was no significant correlation between the POM and
the sediments as is observed in the dry season (Table 4.1). During the dry
season, both seagrass and POM are significantly correlated with sediment (Fig.
4.11a, Table 4.1). This is most likely reflective of intense recycling of organic
matter during the dry season when there is virtually no hydrologic flow bring new
nutrients and labile organic matter into the bay. On the other hand, varying
nutrient and organic matter inputs is more likely to cause the large isotopic
variability observed in the POM and thus the lack of a direct relationship to the
sediments. This suggest that the sediments are a longer term 15N signal
integrator; whereas, POM reflects a more instantaneous response to nutrient
inputs. Seagrass was significantly correlated to the sediment in both the wet and
dry seasons (Fig 4.12a, b). The distribution of 15N seagrass falls almost parallel
to the 1:1 line of sediments suggesting that it is a major contributor to the isotopic
signal of the sediments. Differential contributions of POM and seagrass along
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with allochtonous organic matter inputs to the sediments may account for the
shift to more depleted values during the dry season.
Table 4.1
Correlation coefficients for the relationships between sediment and POM and
seagrass during the dry and wet seasons.

15N POM

15N Seagrass

R2

P- value

R2

P-value

15N Sediment - dry

0.515

0.0011

0.567

0.0001

15N sediment- wet

-0.0143

0.9090

0.667

0.0000

4.5.4 Identifying Nitrogen Cycling Pathways in Florida Bay
The isotopic behavior of the dissolved and particulate pools measured in
this study suggests seasonal differences in nitrogen sources and processing.
During the dry periods (Fig. 4.13) when there is little hydrological connectivity,
allochthonous sources of nutrients from adjacent waters are limited to exchange
with the Gulf of Mexico. The restricted circulation patterns within the bay are not
conducive to interaction between Gulf and inner bay waters. Intense recycling
occurs in the bay and coupled nitrification-denitrification processing in the
sediments is favored particularly in the eastern region of the bay. In the western
region of the bay, nitrogen fixation may occur both in the water column and in the
sediments. During the wet season, when there is hydrologic flow from the
Everglades into Florida Bay, allochtonous nutrients and organic matter enter the
bay’s nitrogen cycle, inducing phytoplanktic responses of increased primary
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Figure 4.12
Crossplots of  N values of POM and Seagrass versus  N sediment during
the wet and dry periods. A) dry period. B) wet period.
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Dry Period

Wet Period

Figure 4.13
Conceptual model describing nitrogen sources and cycling processes during the
wet and dry periods in Florida Bay. The top panel describes the dry period and the bottom panel
describes the wet period. Line arrows depict various nitrogen transformations occurring in the
water column and the benthos; red line arrows depict dominant processes for each season.
Block arrows indicate allochtonous sources of nutrients from adjacent water bodies.
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production, which may develop into bloom conditions in certain areas of the bay,
e.g. North Central bay. The ability by certain species of phytoplankton to utilize
both the DIN and the DON pools favors their dominance in pelagic
photoautotrophic communities. In the sediments, DNRA becomes the dominant
process as it is favored by warm temperatures, increased organic matter loading
and increased sulfide concentrations that inhibit the final step of denitrification. In
the western region of the bay, nitrogen fixation rates in the benthos may increase
even more than in the dry season. Nitrogen fixation and DNRA are important
processes that may photoautotrophic communities with dissolved inorganic
nitrogen even when allochtonous inputs are minimized by low/no hydrologic flow
from the Everglades into Florida Bay.
4.6

Conclusion
Stable isotopic analyses of dissolved nitrogen pools and particulates in

Florida Bay and the Everglades indicate that seasonal changes in nutrient inputs
impact nitrogen dynamics within Florida Bay. During the wet season, freshwater
inputs from the Everglades transport nutrients and organic matter to the bay that
are then utilized by water column photoautotrophs; this is reflected in the nitrogen
isotopic depletion of POM. The extensive isotopic depletion of the ammonium
pool is most likely a reflection of nutrient inputs as well as the dominant in situ
process occurring in the sediments, DNRA. DNRA becomes favored in the
summer months when sulfide levels in sediments begin to inhibit denitrification.
The DNRA process provides a source of light ammonium to the water column in
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addition to allochthonous inorganic nitrogen inputs. In the western bay, nitrogen
fixation plays a predominant role as is reflected in the POM and the sediments.
Relative to the eastern region, 15N values are even more depleted. The isotopic
similarity between bay POM and Everglades DOM, especially at Rankin Bight,
suggest that DOM utilization may be a major mechanism for primary production.
To our knowledge, this research represents the first attempt to characterize the
isotopic behavior of the DIN pool in Florida Bay. Understanding nitrogen cycling
of the DIN pool is extremely important because it provides greater insight into the
fate of both organic and inorganic nitrogen. Moreover, its contribution to the
overall nitrogen budget may be significant. To better anticipate ecosystem
responses to increasing nitrogen additions associated with hydrologic restoration,
both nitrogen fixation and DNRA will need to be considered in future nitrogen
budgets of Florida Bay.
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5. Spatial and Seasonal Variations in the δ13C of Dissolved and Particulate
Components of Florida Bay and the Everglades

5.1

Abstract
To meaningfully evaluate downstream ecological responses in Florida Bay

to upstream hydrologic restoration efforts in the Everglades, it is critical to
understand the current characteristics of carbon dynamics within Florida Bay.
This study investigates the sources of carbon within the estuary by evaluating the
spatial and temporal stable carbon isotopic (13C ) variations of dissolved
organic matter (DOM), particulate components (POM), seagrass and sediments
within the bay. Isotopic measurements spanned both the wet and the dry
seasons and the relationship between the two ecosystems was evaluated by
comparing the 13C distributions of Florida Bay organics with those of
Everglades POM and DOM. Within the bay a consistent spatial variation in the
13C values was evident in all parameters measured. More depleted 13C
values were observed at sites nearer to northern boundary with the Everglades;
whereas, 13C values were more enriched at sites further offshore. Florida Bay
POM values ranged from -11 to -21.3‰ and Everglades POM ranged from -20.8
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to -32.1‰. Florida Bay DOM ranged from -15 to -22.5‰ and Everglades DOM
ranged from -22.4 to -27.8‰. The 13C values of seagrass (Thalassia
testudinum) ranged from -7.6 to -13.8‰ and Florida Bay sediments ranged from 11.8 to -22.3‰ . These isotopic variations show that organic matter from the
Everglades is terrestrially-derived; whereas, Florida Bay organic matter is
influenced by both marine and terrestrial carbon sources. The 13C of Florida
Bay POM became more enriched during the dry season and was related to
increases in primary production. Seagrass showed no statistically significant
isotopic trend that could be associated with seasonality because isotopic shifts
varied from positive to negative for various sites. This suggested that factors
other than primary productivity may be responsible for this inconsistent behavior.
There was no distinct isotopic shift in the 13C values of sediments and at most
sites, 13C values did not change by more than 0.1‰ suggesting that sediments
may serve as long-term integrators of environmental change. The spatial and
temporal variations in the 13C of organic matter from the Everglades and Florida
Bay show that there are several carbon sources available for cycling in the bay
and the relative contributions of these sources may vary seasonally.
5.2

Introduction
Coastal ecosystems are highly dynamic depositional environments that

may receive organic matter inputs from many sources, both allochthonous and
autochthonous. To better understand the biogeochemical cycles within a coastal
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ecosystem, determination of the magnitude, source and fate of carbon is
essential. Florida Bay, a shallow subtropical estuary located between the
Everglades and the Florida Keys, is an important part of South Florida’s coastal
environment. The current and future restoration efforts outlined in the
Comprehensive Everglade Restoration Plan (CERP) proposes to restore
hydrologic flow to preanthropogenic conditions in the Everglades and Florida
Bay. It is expected that restoration of more extensive sheet flow in the
Everglades will effect changes in the magnitude, timing and sources of organic
inputs into Florida Bay. To provide an accurate predictive perspective of future
ecological changes it is important to understand the current biogeochemical
relationship between Florida Bay and the Everglades and the current status of
carbon inputs and cycling in the bay.
Stable carbon isotopic ratios (13C ) have been used to trace carbon
sources of various organic components in estuaries (Cifuentes et al. 1988, Sigleo
& Macko 2002, McCallister et al. 2004, Xu et al. 2006). Their use to identify the
provenance of organic matter inputs in estuaries is based on the premise that
stable carbon isotopic ratios are conservative. Carbon isotopic ratios have
traditionally distinguished between terrestrially and marine –derived organic
matter sources as a result of the fundamental difference in the distinct
photosynthetic mechanisms that are employed by marine and terrestrial primary
producer in photosynthesis. Estuaries can receive particulate organic inputs
from allochthonous plant and periphyton from nearby terrestrial systems,
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seagrasses and macroalgae, in situ phytoplankton and benthic microalgae
(Michener & Kaufman 2007). Dissolved organic matter can also be generated
locally within the estuary or be advected into the estuary from nearby terrestrial
sources. The 13C ranges for these organic components of an estuary often
reflect their carbon source and can indicate the relative importance of each
carbon source to ecosystem function. The 13C of these components may also
change with changing nutrient inputs associated with seasonality.
Florida Bay’s unique chemical and biological characteristics are largely
related to its geomorphology, geographic location and its hydrologic regime. It is
bordered on the north by the Everglades wetlands, on the east and south by the
Florida Keys and on the west by the Gulf of Mexico. Florida Bay receives
periodic freshwater discharge from the Everglades which supply appreciable
amounts of dissolved inorganic and organic nitrogen (Rudnick et al. 1999, Hittle
et al. 2001). The bay’s anastomosing carbonate mudbanks have a profound
effect on water mass residence times and mixing. In comparison with western
Florida Bay, the eastern region has very restricted circulation. The eastern
region is generally considered to be inorganic phosphorus limited; whereas, the
western region is considered to be inorganic nitrogen limited (Boyer & Jones
1999, Boyer & Jones 2001). The occurrence and expanse of primary production
has largely been governed by nutrient availability. Recent ecological studies
have documented persistent algal blooms that have become the impetus to
understand more about nutrient cycling in the bay.
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The Everglades has the potential to supply large amounts of dissolved
and particulate organic matter inputs that may become incorporated into the
carbon cycle of Florida Bay. The inclusion of a stable isotopic approach in
ecological studies, that aim to understand aspects of nutrient dynamics in the
bay, has only increased within the past decade. Most of these studies choose to
assess the isotopic variations in one or two ecosystem components and have
often been limited in geographic scope to a few locations within the bay. In this
study, I have taken an intensive approach to 1) determine the spatial carbon
isotopic distributions of dissolved and particulate component in Florida Bay and
the Everglades, 2) identify seasonal variations in the carbon isotopic values and
3) determine the relationship between the Everglades and Florida Bay during
both the dry and wet seasons.
5.3

Materials and Methods
Sampling was conducted 6 times (November 2002, March and July 2003,

March and August 2004, and June 2005) at 7 stations in Florida Bay and 3
stations from the Everglades watersheds (Figure 5.1). Samples were selected
along an east-west gradient in Florida Bay to represent the varying chemical
behavior outlined by Boyer et al. (1997, 1999): Sunset Cove (SC), Duck Key
(DK), Little Madeira (LM), Barnes Key (BK), Rankin Bight (RB), Rabbit Key (RB)
and Sprigger Bank (SB). Initial sampling in November 2002 focused on sites
within the bay and based on the observed results, sites in the Everglades
representing the three major watersheds were included to assess the
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biogeochemical relationships between the Everglades and Florida Bay: Canal C111 (C-111), Taylor Slough (TS) and Shark River Slough (SRS). One Florida
Bay station was sampled per day using small boats and Everglades samples
were obtained from the three water sources via access roads in the Everglades
National Park and the water control structure of US Highway 1.
At each main site, ambient bulk water samples were collected from 10 cm
below the surface in 20 L carboys, precleaned by leaching with 10% HCl and
rinsing 3 times with deionized water. Surficial sediment and seagrass (Thalassia
testudinum) samples were also collected from each main site. Sediment
samples were collected using a petit Ponar grab sampler that scours the upper 23 cm of sediment from benthos. Whole intact seagrass shoots, sampled only in
Florida Bay, and were simultaneously collected with the sediment. All water
samples were immediately returned to the laboratory for processing for carbon
isotopic analysis of DOM. Both sediments and seagrass samples were stored
frozen for subsequent isotopic analyses.
In addition to sampling at the main sites, a more detailed isotopic survey
of the bay was also conducted during 2003 and 2004. Particulate organic matter
(POM), seagrass and surficial sediments were collected at 33 sites throughout
the bay (Figure 5.1). Analyses of these samples did not include wet chemistry
and isotopic analysis of dissolved nutrients of water samples.
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Figure 5.1
Map showing main study sites and baywide survey sites. Numbered sites are
from the baywide isotopic survey. Sites with abbreviations are main sampling sites in Florida Bay
and the Everglades: Shark River Slough (SRS), Taylor Slough (TS), Canal C-111 (C111),
Sprigger Bank (SB), Rabbit Key (RK), Rankin Bight (RB), Little Madeira (LM), Sunset Cove (SC),
and Duck Key (DK).

5.3.1 Sample Processing and Analysis
A step-wise procedure was used to isolate the dissolved organic matter
(DOM) and particulate organic matter (POM) from the ambient bulk water
samples. Water samples were passed through pre-combusted 0.7µm GF/F
glass fiber filters via a positive pressure system operating at 10 psi. Both the
filtrate and the (POM) residue on the GF/F filters were retained for subsequent
analysis. GF/F filters, with residues, were stored frozen until just prior to isotopic
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analysis. Forty liters of filtrate were designated for isotopic analysis of the
dissolved organic matter; the filtrate was preserved with mercuric chloride and
stored in a cool, dark place to minimize photochemical degradation of the
dissolved organic matter in the water.
Isolation of dissolved organic matter (DOM) from 40 L of bulk water
samples, pre-filtered through 0.7µm GF/F glass fiber filter, was restricted to the
molecular weight fraction greater than 0.1 μm and greater than 1000Da. This
was achieved through tangential flow ultra-filtration of the bulk surface water
(Benner 1991, Benner et al. 1992, McCarthy et al. 1996, Benner et al. 1997,
Guegen et al. 2002). After concentration, each sample was desalted by adding
one liter of Milli-Q purified water to the concentrated sample and then reconcentrating to 150 ml three times (McCarthy et al. 1996). The samples were
then freeze-dried at -40°C and finely ground into powder with an agate mill.
Particulate organic matter (POM) retained on precombusted GF/F filters
were dried overnight in an oven at 50°C and then scraped to remove all organic
matter and the top layer of the GF/F filter. The scraped samples were then
homogenized, packed in tin capsules and stored in a desiccator until analysis.
Seagrass shoots were dissected to remove the mature secondary blades. The
blades were inspected and scraped to remove larger epiphytes, and were
subsequently treated with 0.1N HCL to remove the carbonates of any residual
epiphytes. The blades were then rinsed with Milli-Q water, and dried in an oven
at 50°C. Surficial sediments were decarbonated with 0.1N HCl, rinsed with Milli126

Q water, and dried in an oven at 50°C. Both dried seagrass samples and
sediments were finely ground using an agate mill, packed and stored for
subsequent carbon isotopic analysis in the same way as the POM.
All isotopic analyses were conducted at the University of South Florida
Paleoceanography, Paleoclimatology, and Biogeochemistry (PPB) Laboratory
using a continuous flow Finnigan Mat Delta Plus isotope ratio mass spectrometer
(IRMS) coupled to a Carlo Erba elemental analyzer (EA). Samples were
introduced via an autosampler into the combustion furnace of the EA set at
1050°C.

Natural abundances of each stable isotope are expressed as per mil

(‰) using delta notation: e.g. δ13C = (Rsample/Rstandard)-1] x 1000; where R =
13

C/12C.
5.3.2 Data Analysis
Spatial analysis of the isotopic data from the baywide survey was

performed using the software, Surfer 8.0. Contour plots were constructed based
on a linear variogram using the kriging algorithm (Cressie 1993). Statistical
analyses entailed the use of non-parametric Wilcoxon signed rank test to
determine significance in isotopic shifts due to seasonality. Non-parametric
routines were used as a conservative measure to account for the small sample
sizes of parameters such as DOM. To relate chlorophyll a to 13C POM, a
regression model was constructed. Wet season was assigned a value of 1 and
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the dry season was assigned a value of 0. All statistical calculations were carried
out using Statgraphics XVI (Centurion 2009).
5.4

Results
5.4.1 13C DOM
The 13C DOM values measured during the entire study ranged from -15.2

to -27.8‰ (Table 5.1). Unlike the observations made for the δ 15N of the DOM
(see Chapter 3), the spatial distribution of 13C of the DOM from Florida Bay and
the Everglades did not follow an east to west trend and no spatial pattern was
distinctly discerned (Fig. 5.2). There was however, a consistent significant
difference in the 13C values from the Everglades and Florida Bay. Florida Bay
13C values ranged from -15.2 to -22.5‰; whereas, the Everglades 13C values
ranged from -22.4 to -27.8‰ (Fig. 5.2). Little Madeira, one of the sites nearest
the boundary with the Everglades, showed the largest range in 13C, with some
if its values approaching the lower end of the δ13C range for Taylor Slough.
Sprigger Bank and Barnes Key exhibited the lightest range of values.
Figure 5.3 compares 13C values of Florida Bay and Everglades DOM
during the wet and dry seasons. A shift to more depleted values during the wet
season is generally evident both in Florida Bay and Everglades DOM (Table 5.2).
Overall, these isotopic shifts ranged from 0.75 to -1.8‰. Isotopic shifts on the
order of -2‰ were observed only in Everglades POM; whereas the average
isotopic shift observed in Florida Bay DOM was -0.5‰. The results of the
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Wilcoxon signed rank test shows that this isotopic shift was statistically significant
(P= 0.032;  = 0.05).
Table 5.1
Range of 13C values for dissolved and particulate components of Florida Bay
and the Everglades. NA = not applicable; ND = no data.
13C (‰)
DOM

POM
Max

Seagrass

Min

Max

Min

Sprigger Bank
Rabbit Key
Rankin Bight
Barnes Key
Little Madeira
Duck Key

-16.5
-18.8
-19.4
-16.6
-22.5
-19.0

-15.9
-16.4
-17.7
-15.2
-18.5
-17.5

-19.5
-18.9
-20.6
-18.2
-21.3
-19.7

-10.9
-15.0
-14.4
-14.3
-11.7
-11.6

-8.6
-11.5
-11.0
-10.2
-13.8
-9.9

-7.6
-8.7
-9.5
-8.0
-10.9
-7.7

-17.5
-13.6
-14.8
-12.6
-19.7
-16.1

-15.3
-12.9
-14.1
-11.8
-17.4
-14.8

Sunset Cove

-18.7

-17.3

-19.9

-15.7

-12.1

-8.7

-22.3

-15.0

Shark River
Slough
Taylor Slough
C-111

-27.4
-27.8
-26.9

-24.3
-23.8
-22.4

-29.1
-29.2
-32.1

-20.8
-20.9
-23.1

NA
NA
NA

Entire Study

-27.8

-15.2

-32.1

-10.9

-13.8
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Min

Max

Sediment

NA
NA
NA
-7.6

Min

-20.6
-24.5
ND
-28.4

Max

-26.6
-28.4
ND
-11.8

Table 5.2
periods.

Stable carbon isotopic compositions and bulk chlorophyll a concentrations measured for Florida Bay main sites during wet and dry

Site
Sprigger Bank
Rabbit Key
Rankin Bight
Barnes Key
Little Madeira
Duck Key
Sunset Cove
Shark River
Slough
Taylor Slough
Canal C-111

Chl a
(µg/L)
0.49
0.20
0.73
0.41
0.48

 C
POM
-13.54
-18.92
-20.58
-14.26
-19.39

Dry Period
13
13
 C
 C
DOM
seagrass
-15.96
-8.54
-18.58
-8.71
-18.59
-9.65
-15.24
-8.88
-18.47
-10.91

0.41
1.53

-19.72
-18.45

-12.93
-17.32

0.78
2.05
3.74

-20.77
-29.17
-24.84

-24.33
-23.79
-26.80

13

 C
sediment
-15.27
-13.63
-14.10
-12.16
-17.44

13

Chl a
(µg/L)
1.29
0.68
11.92
0.64
0.95

 C
POM
-8.84
-16.64
-19.61
-15.75
-9.05

Wet Period
13
13
 C
 C
DOM
seagrass
-16.54
-8.62
-18.78
-8.90
-19.37
-9.52
-15.34
-8.67
-19.63
-11.17

-9.53
-8.66

-14.54
-15.03

0.31
0.61

-18.71
-18.54

-13.50
-17.54

-7.80
-9.91

-14.77
-15.92

NA
NA
NA

-28.57
-26.43
ND

3.53
0.90
2.47

-24.33
-26.70
-31.31

-26.13
-25.60
-26.04

NA
NA
NA

-28.97
-25.78
ND
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13

13

 C
sediment
-16.08
-12.99
-14.07
-11.81
-17.57

Figure 5.2
Box and whisker plot of δ13C DOM of main study sites. For differentiation boxes
representing Florida Bay sites are filled dark grey and Everglades sites are unfilled.
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Figure 5.3
Plot of δ C-DOM of Florida Bay and the Everglades during wet and dry periods.
Wilcoxon signed rank test: P= 0.0323127;  = 0.05.
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5.4.2 13C POM
The 13C values of the POM from all sites ranged from -11 to -32‰ (Table
5.1). Figure 5.4 shows the range of δ13C values of POM for each main site. No
spatial patterns were clearly evident in the 13C ranges for the main site;
however carbon isotopic compositions of Everglades POM (-22 to-32‰ ) were
significantly different from Florida Bay POM (-11 to -22‰)(Table 5.2). The 13C
of POM collected in the baywide survey (Fig. 5.5a) did show that the most
depleted values (-23 to -31‰) occurred at sites that are closest to the bay’s
boundary with the Everglades whereas more enriched values (-17 to -21‰) were
observed in the open bay.

Figure 5.4
Box and whisker plot of 13C of particulate organic matter (POM) for the main
study sites. For differentiation boxes representing Florida Bay sites are filled dark grey and
Everglades sites are unfilled.
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Contrary to what was observed for DOM, 13C values of POM in Florida Bay
generally shifted to more enriched values during the wet season and spatial
differences were visually evident in contour plots of both seasons (Figure 5.5a).
A crossplot of the 13C POM of the dry season vs. the wet season shows this
shift (Fig. 5.5b), which varied by as much as 6‰ but averaged 1.4‰. The results
of the Wilcoxon signed rank test showed that this isotopic shift was statistically
significant (P = 6.103 E-6; =0.05).
5.4.3 13C Seagrass
The 13C values of seagrass sampled from all sites during the entire study
ranged from -8 to -13 ‰ (Table 5.1). Figure 5.6 shows the individual 13C ranges
for each main site. No distinct spatial distribution is apparent in the 13C ranges
of seagrass for each main site; however there is considerable variability in the
ranges (Table 5.2). Sprigger Bank, which is nearest the bay’s boundary with the
Gulf of Mexico showed the smallest and least depleted 13C range, -7.6 to -8.6
‰ ; whereas, Little Madeira exhibited the most depleted 13C ranging from -10.9
to -13.8‰. Contour plots of 13C values for seagrass sampled during the dry
and wet season (Fig. 5.7a) shows an onshore to offshore pattern of more
depleted values to less depleted values relative to the mainland Everglades.
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A

B

Figure 5.5
A) Contour plots showing spatial and temporal carbon isotopic variations in POM during wet and dry periods. B) Cross plot of
13
-6
 C POM of wet vs. dry periods shows a shift to less depleted values. Wilcoxon signed rank test: P = 6.103 E ; =0.05.
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Figure 5.6
Box and whisker plot of range of 13C seagrass for the main study sites during
the entire study.

Seasonal variability was apparent but no clear trend in the isotopic shift
from dry season to wet season was apparent. A dry season vs. wet season
crossplot of 13C values for seagrass (Fig. 5.7b) reveals a broad scatter in the
isotopic shift, with the 13C becoming more enriched at certain sites, while other
sites exhibited values that became more depleted. Overall, The result of the
Wilcoxon signed rank test showed no statistically significant difference between
the 13C values of the dry and the wet season.
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B
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Figure 5.7 A) Contour plots showing spatial and temporal carbon isotopic variations in seagrass during wet and dry periods. B) Crossplot of  C
values of seagrass for the dry season vs. the wet season.
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5.4.4 Sediment
The 13C values of sedimentary organic matter of all the main Florida Bay sites
ranged from -11.8 to -22.3‰ (Table 5.1). The individual ranges of 13C values of
Florida Bay sediments are illustrated in figure 5.8.The most depleted values were
observed at Little Madeira and Sunset Cove in the eastern region of Florida Bay.
The most enriched values were observed at the two open bay sites, Rabbit Key
and Barnes Key. There is a general spatial distribution pattern from more
depleted to less depleted 13C values from nearshore to open bay relative to the
Everglades (Fig. 9a); this is most clearly seen during the dry season.

Figure 5.8
Box and whisker plot of range of δ13C of Florida Bay sediments for the main
study sites during the entire study.
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Although there are seasonal changes in the 13C values of sediment
during the wet season (fig. 9a), there is no significant trend in the isotopic shift
(fig. 9b). Some sites trended toward more depleted values, while others trended
toward more enriched values. Although there seems to be a shift towards more
depleted values in the eastern bay, some sites in the southern region of the bay
became more enriched.
5.5

Discussion
5.5.1 13C DOM : A reflection of carbon source
The large isotopic difference observed between Everglades DOM and

Florida Bay DOM is reflective of differing carbon sources.

The 13C values of

the Everglades DOM (-22.4 to -27.8 ‰) show the expected isotopic signature of
a terrestrial system primarily dominated by C3 plants. Sawgrass (Cladium
jamaicense) and cattails (Typha domingensis), both C3 plants, are
characteristically found in the Everglades wetlands. Isotopic studies of
Everglades primary producers were conducted in the Water Conservation Areas
of the Everglades (Williams & Trexler 2006, Chang et al. 2009). The authors
reported mean 13C values for wetland plants (sawgrass, -24.5 to -30‰; cattails,
-27‰) and periphyton (-27‰). Everglades DOM is the product of microbial and
photolytic degradation of various wetland plants, emergent aquatic macrophytes
and periphyton, an assemblage of cyanobacteria, algae and other microscopic
organisms. Biological degradation of these sources typically results in a very
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B

Figure 5.9
A) Contour plots showing spatial and temporal carbon isotopic variations in sediment during wet and dry periods.
B) Crossplot of 13C values for sediments during the dry season vs. the wet season.
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small shift in 13C (Kendall et al. 2007) and thus isotopic signature of DOM reflect
the original carbon sources.
The significantly more enriched values exhibited by Florida Bay DOM
(-15.2 to -22.5‰) is also to be expected. Estuarine DOM is typically derived from
the decomposition of resident photoautrophs (marine phytoplankton, macroalgae
and seagrass) and heterotrophs, as well as allochtonous organic matter of
terrestrial origin (Zou et al. 2004).

The 13C values for estuarine DOM may

range from -15 to -27‰ depending on the proportion of contribution of marine
and terrestrial sources to the isotopic signal. The 13C values of Florida Bay
DOM generally reflect a marine signal; however, the spatial variability observed
suggests that the contributions of marine and terrestrial sources to the signal are
unequal throughout the bay. Interestingly, Little Madeira, which is situated at the
Northeastern region of the bay along its boundary with the Everglades, exhibited
the most depleted values.

It is important to note that these values are still within

the range of estuarine DOM; however the marked depletion suggests that it may
be most subjected to great terrestrial influence from water catchments in the
Everglades. The most enriched values of Florida Bay DOM were observed at the
open bay sites which are not proximal to the Everglades. These sites are more
susceptible to oceanic influences from the Gulf of Mexico and passages through
the Florida Keys.
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Temporal variations in Everglades and Florida Bay DOM though small,
were statistically significant. Florida Bay DOM generally became more depleted
during the wet season, when there is greater hydrologic connectivity with the
Everglades.
The 13C values of Everglades DOM measured in this study concur with
those reported by Maie et al. (2006) who observed values of -27‰ in Taylor
Slough and Shark River Slough. The authors also measured 13C of DOM at one
site in the middle of Florida Bay and found it measured at 14.4‰. My study
shows a gradation in 13C values within Florida Bay that was not previously
recorded. There are two reasons for this. First, Maie et al. (2006) measured 13C
values of DOM during the January and February, well into the dry season.
Secondly, the sampling range in Florida Bay was limited to one site in central
Florida Bay. In contrast, my study has aimed to gain a more detailed spatial and
temporal distribution of 13C DOM in Florida Bay.
5.5.2 Factors controlling the spatial and temporal distribution of 13C
POM
The 13C spatial variations of Everglades and Florida Bay POM provide
much information about their respective carbon sources (Fig. 5.4, 5.5). The
greater depleted 13C values of Everglades POM (-22 to -32‰) is indicative of
varying carbon sources in the wetlands compared to the estuary. Everglades
POM shows a primarily terrestrial signal commonly seen for land C3 plants and
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periphyton. On the other hand, Florida Bay POM had a 13C range (-11 to 22‰) that has been typically observed for estuarine POM (Fry & Sherr 1984,
Gearing et al. 1984). It is important to note, however, that the most depleted
13C values of Florida Bay POM were most proximal to the mangrove boundary
with the Everglades (Fig. 5.5). Thus, those values may reflect a greater terrestrial
contribution to the carbon source than more open water sites that exhibited more
enriched 13C values, reflecting a more significant contribution of marine algal
carbon sources. Patterson and Walter (1994) reported depleted Σ CO2 in low
salinity waters within Florida Bay; they attributed this

13

C depletion to the

influence of freshwater discharge from the land.
The data presented in this study provides a more detailed perspective of
the geographical distribution of 13C values for Florida Bay POM than any
previous study has provided. Similar to the carbon isotopic ranges identified in
this study, Chasar et al. (2005) reported a range of -12 to -21‰ for five sites in
Florida Bay. Evans (2009) examined size-fractionated POM from three sites in
Florida Bay and measured ranges of -11 to -29‰ across all size-fractions. In a
trophic study to identify the carbon sources of seagrass, Williams et al. (2009)
reported a much smaller range (-13.5 to -16.4‰ ) for POM at 4 Florida Bay sites.
The broader geographical pattern that I have identified within this study suggests
that along the boundary between the two ecosystems, there is greater
Everglades influence on the 13C of Florida Bay POM. My study also suggests
that in the case of carbon, there is worth in using a large number of stations in
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any investigation that attempts to identify biogeochemical relationships between
the Everglades and Florida Bay. Of the ten sites analysed for 13C POM in her
study, Evans (2009) investigated only one site (Duck Key) in Northeastern
Florida Bay. The values measured at Duck Key from -15 to -20‰ overlap with
the values measured at that site in my study (-12 to -19‰). These values are at
the more enriched end of the 13C range observed for Florida Bay POM;
however, Evans did not clearly identify any isotopic relationship with terrestrial
organic matter. This is most likely a result of the limitations of sampling. In my
study, there is a clear co-occurrence of more depleted values with proximity to
the Everglades; this reflects terrestrial influence on the 13C POM. Xu and Jaffe
(2007) conducted a lipid biomarker study to determine the influences of
terrestrial and marine sources on organic matter in Florida Bay. The authors
found that the (C29+C31) n-alkanes, indicative of terrestrial influences were
present in greatest abundance in the northeast region of Florida Bay and at
nearshore sites significantly influenced by mangroves.
The observed shift to more enriched 13C values of Florida Bay POM
during the wet season is generally widespread throughout the bay except in the
northwestern region. Chasar et al. (2005) who measured 13C of seston at five
sites in central and western Florida Bay recorded values that ranged from 0-4‰
lighter during the wet season in comparison to the dryer sampling period in the
spring. Evans (2009) also observed this 1-3 ‰ isotopic shift towards more
enriched values at the three sites measured in Florida Bay. Such isotopic shifts
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have been observed in other estuaries and have been attributed to increased
primary productivity, e.g. Cifuentes et al. (1988).

As the rate of primary

production increases, diffusion of CO2 becomes the rate limiting step in
photosynthesis, thus decreasing the degree of isotopic fractionation (O'Leary
1988). This would result in 13C of biomass being less depleted in 13C. Evans
(2009) also identified a statistically significant relationship between 13C and logChl a for the size fraction categorized as phytoplankton.
A comparison of chlorophyll a concentrations with 13C POM from this
study (Fig. 5.10) shows a trend towards more enriched 13C values as
chlorophyll a concentrations increase during the wet season. There were some
data that proved to be outliers; their importance will be discussed later. After
removing the most influential points (outliers) a multiple regression model was
constructed to detemine the extent of the relationships between seasonality,
chlorophyll a and 13C . This model: 13C POM = -17.0665 - 6.32986* Chl a +
2.67637* Season had an R-squared value of 0.626 and an adjusted R-squared
value of 0.616. The model is significant at a P-value of 0.000. The parameter
estimates for the model are given in Table 5.3.
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Wet

Dry

Figure 5.10
Comparison of chlorophyll a concentrations with 13C POM measure for main
sites and baywide survey sites. The arrow denotes the trend direction to more enriched 13C
values as primary productivity increases.

Table 5.3
Parameter estimates and statistics for the regression model 13C POM = 17.0665 - 6.32986* Chl a + 2.67637* Season.

Parameter

Estimate

Standard
Error

Statistic

P-Value

Constant

-17.0665

0.581001

-29.3743

0.0000

Chlorophyll a

-6.32986

0.590051

-10.7276

0.0000

Season

2.67637

0.708032

3.78001

0.0003

In essence, the model shows that seasonality and chlorophyll a were
significant driving factors in determining the trend in 13C POM. While the model
does a decent job in accounting for 63% of the variation observed in 13C,
several points must be noted. The outliers, although few in number (6 out of total
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of 80) typically represented stations that had high chlorophyll values that far
exceeded the general trend. These outliers highly influenced the model and as a
result they were removed.
These statistical measures do not preclude the importance of these data
but rather underscore the need to take other factors into account when
considering primary productivity and its relationship to 13C . For instance, two
sites may produce similar 13C POM yet exhibit significant difference in
chlorophyll a concentrations. In this case, nutrient availability may very well be
significantly different at the two sites thus resulting in a divergence in primary
productivity at one site or the other. At Rankin Bight, which is situated along the
boundary with the Everglades, chlorophyll a concentration increased an order of
magnitude from 0.73 to 11.92 µg/L and 13C increased from -20.6‰ to -19.6 ‰.
On the other hand, at Little Madeira, another site at the interface of the two
ecosystems, chlorophyll a only doubled, increasing from 0.48 to 0.95 ug/L, while
13C also showed the same isotopic shift (~1‰ ). This dichotomous behavior is
more than likely linked to the availability of dissolved inorganic nitrogen and
phosphorus, necessary to support primary production. Rankin Bight, a site
located in the north central region of Florida Bay, has long been known to have
algal blooms. It has been hypothesized that persistent primary production in this
region is possible because both DIN and DIP demands are met. On the other
hand, Little Madeira is in the northeast central region that tends to be phosphorus
limited. Yet both these sites show similar isotopic values and seasonal shifts.
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Another factor that should be considered is the actual contribution of
primary producers versus detritus to the isotopic signal. Detrital organic mattter
becomes heavier in 13C as it is mineralized. Thus, enrichment of POM can also
be caused by greater contributions of detritus to the carbon isotopic signal. My
study was unable to determine these relative contributions as we measured only
bulk POM. It is important to note that detritus transcends the size fractions of
POM, ranging from senescent algal cells to fragments of macroalgae, vascular
plants and heterotrophs. Thus simple size fractionation of POM by nominal
filters or sieves is limited in determining the relative contributions of primary
producers vs. detritus to the 13C signal. It is possible to better determine
source contribution to the 13C signal by partitioning seston into their algal and
detrital components. These components are separated according to density by
centrifugation of POM in a medium of colloidal silica (Hamilton & Lewis Jr. 1992,
Hamilton et al. 2005). Although the relationship between size fractionation and
13C of POM in Florida Bay has been explored (Evans 2009), no investigations
into the relationship between density fractionations and 13C POM have been
documented.
5.5.3 13C Seagrass: A function of Source and Process
The 13C values of Thalassia testudinum presented in this study shows a
considerably broad range (-8 to -13‰). These values are within the 13C ranges
typically noted for seagrasses (Grice et al. 1996, Hemminga & Mateo 1996).
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Previous studies also conducted in Florida Bay have also documented similar
ranges in carbon isotopic values (Zieman et al. 1984, Fourqurean et al. 2005).
These range of values are not characteristic of C3 plants. Unlike other C3
plants, Thalassia testudinum exhibits an isotopic range more similar to that of C4
plants. Their unique closed system metabolic pathway is akin to what is
observed in C4 plants in that there is no carbon fractionation of dissolved CO 2 in
this closed system. Also, the isotopic composition of seawater DIC is similar to
the acids utilized in the C4 pathway (Benedict et al. 1980).
The spatial distribution of 13C values of seagrass were most depleted
near the ecotone between the western Everglades and Florida Bay, and were
most enriched in 13C near the Florida Keys (Fig. 5.7a). This pattern was also
noted in a study by Lin et al. (1991), in which sites near the mangrove forests of
the Everglades exhibited δ13C values of ~-12.8; whereas more open bay sites
exhibited less depleted values of about -8.3.
This spatial variation corresponds to a difference in carbon source.
Nearest to mangrove stands, DIC pools are most influenced by the mineralization
of mangrove detritus as well as terrestrial carbon sources which may include
plant detritus and freshwater DIC inputs, all of which would cause the DIC at
Florida Bay sites nearest to the Everglades to be more depleted.
No distinct isotopic pattern could be associated with seasonality because
the isotopic shift in the 13C of Thalassia was too variable (Figure 5.7). While
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some sites became more enriced in 13C during the wet season, an almost
equivalent amount of sites shifted to more depleted 13C values. These
observations suggest that several factors ultimately govern carbon dynamics in
Florida Bay seagrass. The carbon isotopic composition of seagrass is a function
of several factors such as the primary productivity rates, morphological and
physiological processes, carbon requirements, and most importantly, the 13C of
the initial DIC pool.
A shift to more enriched 13C values during the wet season could be an
expression of increased primary productivity. Fourqurean et al. (2005) observed
such an isotopic shift in Thalassia testudinum from sites distributed along the
Florida Keys during the summer months when growth rates were enhanced.
Grice et al. (1996) noted that with higher light intensity and increased primary
production, seagrass increase their carbon demand which results in decreased
13

C discrimination. Seagrasses also possess the ability to increase their root

biomass and lacunal area, which they can then use to store CO 2 that they
respire. If they recycle CO2 from respiration for photosynthesis, the 13C values
of Thalassia become more enriched (Grice et al. 1996).
The 13C of the DIC pool in Florida Bay can be influenced by several
processes. Advection of freshwater originating in the Everglades can cause bay
waters in northeastern Florida Bay to become more depleted especially during
the wet season when hydrologic flow from Taylor Slough into the bay is
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increased (Patterson & Walter 1994). Of the main sites, Little Madeira exhibited
the most depleted 13C values for seagrass. This site is in the north eastern
region of Florida Bay nearest to discharge point for Taylor Slough. Moreover,
increased inputs of terrestrially derived organic matter may also cause the

13

C

depletion of the DIC pool. Another process that may significantly affect the 13C
of the DIC is carbonate dissolution, which has been noted to occur in Florida Bay
in Eastern Florida Bay and on seagrass-dominated carbonate mudbanks and
island flanks in southwestern Florida Bay (Patterson & Walter 1994, Ku et al.
1999). As organic matter becomes remineralized through aerobic respiration, the
carbon dioxide produced may dissolve carbonate sediments. Also, seagrass
exhibit what is known as ―oxygen pumping‖ behavior in which oxygen generated
by photosynthesis is released from their roots and rhizomes into porewaters.
This could fuel aerobic respiration and increase the magnitude of carbonate
dissolution. Carbonate dissolution would release light CO 2 thereby producing
more depleted 13C DIC values (Hu & Burdige 2007). It is possible that these
factors play a significant role at sites where the 13C values of Thalassia became
more depleted.
5.5.4 Carbon Sources that Influence 13C of Sediment
The large 13C range of Florida Bay sediments (-11.8 to -22.3‰) exhibited
a consistent spatial pattern of more depleted values progressing to more
enriched values in an onshore to offshore direction relative to the South Florida
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Mainland (Fig. 5.8, 5.9a). This pattern can be attributed to differing carbon
sources. Sedimentary organic matter, particularly in estuaries, is heterogenous
in composition and is a reflection of a mixing of different organic carbon sources
(Sackett & Thompson 1963, Schultz & Calder 1976). There are several pools of
organic matter that may comprise sediment. Sediment from sites like Little
Madeira, which is located near the Florida Bay-Everglades interface, should
typically be more depleted in 13C in comparison to sediments from more openbay sites like Rabbit Key and Barnes Key. Sites along the mangrove boundary
with the Everglades are typically more influenced by terrigenous organic matter;
whereas open bay sites in the western region are farther removed from terrestrial
influences, and as such, are most influenced by marine organic matter, namely
phytoplankton and seagrass. It is important to note, however, that even at sites
nearest the mangrove ecotone, the range of values observed for Florida Bay
sedimentary organic matter does not indicate that organic contributions to the
sediment are entirely terrigenous in nature. Shifts in 13C composition of
estuarine sediment in either direction are dependent on the magnitude of the
contributions of terrigenous or marine-derived organic matter. This has been
shown in a lipid biomarker study. Xu et al. (2006) observed that the
concentrations for mangrove biomarkers were greatest in the northeastern region
of Florida Bay. This concentration rapidly decreased moving offshore and
seagrass biomarker concentrations dramatically increased offshore. Central and
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the southwestern region of Florida Bay were found to be strongly dominated by
seagrass. Planktonic input was also found to be very significant in these regions.
There was no clear trend (no statistical significance) in the isotopic shift
from the dry season to the wet season (Fig. 5.9b). While some sites trended
towards more enriched values, the majority of sites fell very near the 1:1 line,
indicating that there was virtually no isotopic difference in the sediments for the
wet and the dry seasons. A few sites trended towards more depleted values
during the wet season. These observations are most likely reflecting the relative
contributions of various types of organic matter. The relative contributions of
these sources may be governed by several factors, such as the primary
productivity rates and the quantity of terrestrial organic matter advected into the
bay that then becomes incorporated into the sediments. Since the majority of
sites showed no seasonal isotopic differences, the results suggest that
sediments are a long term integrator of the carbon signal. The only sites that
would show any isotopic difference would be sites that become more heavily
terrestrially influenced during the wet season or sites where primary productivity
is a main driving force pumping particulate organic matter into the sediments, as
in the case of an algal bloom.
5.6

Conclusion
This study has examined the various components that are key parts of the

carbon cycle in Florida Bay. An examination of the carbon isotopic composition
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of these components revealed both spatial and temporal heterogeneity in the
isotopic behavior. Large 13C ranges were observed for both dissolved and
particulate components of Florida Bay. All types of organic matter showed a
general onshore to offshore trend of more depleted 13C values progressing to
more enriched 13C values. This spatial isotopic trend indicated a strong
terrestrial influence at Florida Bay sites in the northeast region and near the
mangrove boundary with the Everglades and in; whereas, sites in central and
western Florida Bay generally exhibited more marine behavior. Seasonal
isotopic shifts were evident in the DOM and POM pools. The isotopic shift to
more enriched values observed for POM was attributed to increased primary
productivity. No clear seasonal isotopic patterns could be identified for seagrass
or sediments. Carbon dynamics appear to be governed not only by marine vs.
terrestrial influence but also by other processes such as remineralization of
organic matter and carbonate dissolution. Sediments within Florida Bay appear
to be a long term integrator of signals and may prove challenging to utilize as a
stand alone proxy to assess seasonality. Carbon isotopic assessment of the
organic components of Florida Bay can useful in understanding nutrient cycling
within the estuary. This tool should be considered a critical component of any
long term study of the fate of carbon sources to Florida Bay.
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6. Synthesis

6.1

Summary of Research Findings

The results of this study indicate the following deductions:
1. Nitrogen and carbon stable isotopes are efficient tools that are capable of
determining nutrient sources and the dominant biogeochemical processes in
Florida Bay.
2. A definitive and robust east to west trend from enriched to more depleted 15N
values evident in both dissolved nitrogen pools and particulate components in
the bay, indicate that regions of the bay are defined by differing nutrient
sources and biogeochemical processes.
3. Correlations in the isotopic behavior of Everglades nutrient pools and Florida
Bay POM indicate a strong interrelationship between the two ecosystems.
4. The western region of the bay is governed by nitrogen fixation which may
occur both in the water column and in the sediments.
5. The eastern region of Florida Bay is subject to seasonal nutrient inputs from
the Everglades, which may affect primary production in the bay.
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6. In the dry season, the eastern region is governed by denitrification processes
in the sediments; whereas in the wet season, the governing process in the
sediments is most likely dissimilatory nitrate reduction.
7. Stable carbon isotopic measurements reveal a consistent spatial pattern from
more depleted to more enriched 13C values, onshore to offshore relative to
the mainland. This indicates a strong terrestrial influence on Florida Bay sites
along the mangrove boundary with the Everglades
8. Carbon dynamics are governed by marine vs. terrestrial nutrient sources as
well as other processes such as organic matter remineralization and
carbonate dissolution.
6.2

Implications for Ecosystem Management
The Comprehensive Everglades Restoration Plan was established with

the intention of implementing an adaptive management approach. This approach
would account for uncertainties by testing hypotheses, incorporating new
scientific finding in management strategies and policies and adjusting
implementation to promote ecological restoration (CERP 2009). In light of this
commendable approach and based on the findings of this research, managers
should take the following points into consideration.
Nutrient inputs from the Everglades do influence nitrogen cycling in Florida
Bay by providing another source of nitrogen for primary production. This is
reflected in the isotopic behavior in both the dissolved and particulate pools
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within the bay. Even if loading of dissolved inorganic nitrogen from runoff in
agricultural areas is tightly controlled to minimize the possibility of inducing algal
blooms, DOM inputs into the bay will still need to be taken into consideration.
Although the lability of Everglades DOM has not been firmly established and
incorporated in the restoration plan, there is evidence to support the hypothesis
that phytoplanktic communities can utilize DOM for production and in particular,
Everglades DOM (this study, Glibert et al. (2004), Boyer et al.(2006)). Thus,
increasing hydrologic flow to provide diffusive delivery of fresh water in the bay
will likely transport larger quantities of DOM into the bay. It is likely that primary
producers will continue to utilize DOM delivered into the bay from the
Everglades.
Assessments should focus more efforts on understanding the role of
nitrogen transformational processes in current biogeochemistry of the bay. The
data suggest that in situ processes like nitrogen fixation and DNRA can provide
internal sources of nitrogen. In the western region of the bay where inorganic
nitrogen is very limited, nitrogen fixation in BMA dominated sediments and in the
water column can sustain primary production. The relative contribution of this
process to primary production should be closely monitored to develop a more
refined nitrogen budget for the bay. DNRA in the sediments has an antagonistic
effect on the process of denitrification which has been regarded as an important
mechanism of nitrogen removal in coastal ecosystems. Isotopic behavior of the
dissolved ammonium pool in the eastern and central regions of the bay indicate
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that there is a seasonal difference in role these two processes play in governing
cycling. During the dry season when there is low hydrologic flow into the bay,
denitrification is predominant; however, in the wet season DNRA is the favored
process. High organic loading from the Everglades during the wet season has a
synergistic effect on DNRA rates in the sediments, so much so that there may be
ammonium fluxes out of the sediments that can then become available for
utilization. Managers should note that increasing hydrologic flow would provide
even greater organic loading that could further fuel DNRA. Thus, there may not
be immediate improvements in the frequency of algal blooms and water clarity. It
is important to note also, that sulfide toxicity to seagrass may not decrease in the
short-term as DNRA is often coupled with sulfate reduction. DNRA contributions
to nitrogen supply in the bay must be quantified and incorporated into the
nitrogen budget, if nutrient thresholds are to be established for the management
of pelagic production.
In conclusion, management strategies should adopt a routine multipleproxy isotopic approach of both the dissolved nutrients and particulate
components in the bay to continue to address unanswered questions about
nitrogen and carbon cycling in Florida Bay. While much information about
nutrient utilization by benthic and planktic primary producers has been gathered
within the past two decades, there is still much to learn about nitrogen processing
in the benthos and its relationship to biological response in the water column. An
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isotopic approach can useful in determining these nitrogen and carbon cycling
mechanisms.
6.3

Future Research
The scope of this study can be considered a noteworthy attempt to

holistically understand carbon and nitrogen cycling in Florida Bay yet there are
still several areas of research in which further isotopic analyses can provide
greater insight.
To refine isotopic relationships between primary producers and the
various available nutrient pools, it would be worthwhile to conduct an isotopic
study that determines the relative contributions of algae versus detritus to the
isotopic signal of particulate organic matter. Although the spatial and temporal
isotopic behavior of size fractionated POM has been conducted in Florida Bay,
the approach resulted in even greater heterogeneity that could not be fully
interpreted. This is more than likely due to the fact that detrital organic matter is
present in all size fractions of POM. However, applying an approach that
separates detrital and algal fractions based on density can better resolved
relationships between nutrients and phytoplankton.
This study provided great spatial resolution to determine differing nutrient
sources and processes; however, greater temporal resolution would account for
variations in the effects of seasonality (such as low hydrologic flow years and
high hydrologic flow years) and episodic disturbances that tend to have great
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impact in dynamic systems like Florida Bay. Future isotopic studies should also
focus on tracing dissolved inorganic nitrogen and carbon species in sediment
porewaters. Coupling isotopic evaluations of porewaters with measurements of
nitrogen processes such as DNRA and nitrogen fixation would improve the ability
to quantify their relative importance in influencing processes in the water column.
Isotopic assessments of the DIC pools in the sediments will allow more accurate
interpretations of inconsistent seasonal isotopic behavior noted in seagrass.
Greater resolution and inclusion of the isotopic measurements of the
aforementioned variables will provide the ability to create mixing models that can
be used to further understand the biogeochemistry of the bay.
Lastly, studies that measure nitrogenase activity will provide a greater
estimation of the magnitude of influence of nitrogen fixation in the water column.
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Appendix A Location of the 33 sites sampled in the baywide isotopic survey
Site

Description

Latitude

Longitude

FBT1

SE Arsenicker Keys

24.9059

-80.8126

FBT2

East Peterson Keys

24.91035

-80.7554

FBT3

East of Twin Keys

24.97065

-80.7366

FBT4

Spy Key

25.0188

-80.7368

FBT5

Whipray Basin

25.0556

-80.7439

FBT6

End Key

25.0985

-80.7174

FBT7

Derelict Key

25.1336

-80.762

FBT8

Rankin Key

25.123

-80.7925

FBT9

Tin Can Channel

25.125

-80.8554

FBT10

Joe Kemp Key

25.1318

-80.9092

FBT11

Conch Channel

25.1024

-80.9697

FBT12

N. Sandy Key

25.0707

-81.0087

FBT13

Clive Key

25.0742

-80.9309

FBT14

N. end Man O War

25.037

-80.9183

FBT15

Rabbit Key Basin

25.0162

-80.8852

FBT16

Twin Key Basin

24.9448

-80.7758

FBT17

West Key

24.9896

-80.6408

FBT18

NW Crab Keys

25.007

-80.6716

FBT19

East Captain Key

25.0251

-80.6139

FBT20

West Russell Key

25.0815

-80.6618

FBT21

East Black Betsy Key

25.1067

-80.6374

FBT22

East Madeira Point,

25.1612

-80.6482

FBT23

Eagle Key

25.1717

-80.5849

FBT24

Deer Key

25.1837

-80.5315
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FBT25

Duck Key

25.1814

-80.4894

FBT26

Boggies Island

25.1819

-80.4491

FBT27

Backwater Sound

25.1531

-80.4262

FBT28

Buttonwood Sound

25.1151

-80.4743

FBT29

Nest Key

25.1397

-80.5011

FBT30

South Park Key

25.1137

-80.5648

FBT31

East of Bottle Key

25.0634

-80.5427

FBT32

Cross Bank

25.0115

-80.5634

FBT33

Shell Key

24.9655

-80.6238
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Appendix B List of SERC monitoring sites used to obtain ancillary baywide
physical and chemical data.
Station
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Site Name
Card Sound Bridge
Middle Key
Manatee Bay
Barnes Sound
Blackwater Sound
Little Blackwater Sound
Highway Creek
Long Sound
Duck Key
Joe Bay
Little Madeira Bay
Terrapin Bay
Whipray Basin
Garfield Bight
Rankin Lake
Murray Key
Johnson Key Basin
Rabbit Key Basin
Twin Key Basin
Peterson Keys
Porpoise Lake
Captain Key
Park Key
Butternut Key
East Cape
Oxfoot Bank
Sprigger Bank
Old Dan Bank

Latitude
25.27355
25.28503
25.25103
25.22173
25.17405
25.20668
25.25360
25.22737
25.17707
25.22447
25.17517
25.14037
25.09142
25.15048
25.12138
25.11827
25.04247
25.00242
24.97767
24.92950
25.00660
25.04008
25.11797
25.10175
25.08370
24.98073
24.91860
24.86720
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Longitude
-80.37458
-80.39503
-80.41517
-80.38832
-80.42308
-80.44040
-80.44415
-80.46167
-80.49157
-80.53658
-80.62692
-80.71612
-80.75478
-80.80922
-80.80288
-80.93965
-80.91482
-80.90010
-80.75352
-80.75047
-80.68127
-80.61405
-80.59972
-80.53140
-81.08058
-81.00163
-80.93487
-80.80715

Zone
E
E
E
E
E
E
E
E
E
E
E
C
C
C
C
W
W
W
W
W
C
C
E
E
W
W
W
W

Appendix C

Parameter
NOx

NH4+

TON

TOC

SRP

TP

DIN:SRP

Chl a

Results of Kruskal Wallis analyses.

Zone
West
Central
East
West
Central
East
West
Central
East
West
Central
East
West
Central
East
West
Central
East
West
Central
East
West
Central
East

Sample Size
531
354
767
531
353
766
531
353
764
530
353
760
531
354
765
531
354
767
518
346
754
531
354
767

Average Rank
539.246
673.891
1095.8
477.318
976.493
997.281
637.309
1087.14
833.253
431.634
1237.17
901.394
733.641
806.619
897.998
996.287
919.846
665.872
540.083
926.468
940.915
1004.6
967.114
638.3
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Test
Statistic

P-value

473.214

0

418.589

0

189.942

0

650.403

0

38.0057

5.59E-09

167.785

0

253.577

0

224.156

0

Appendix D Mann-Whitney test statistics of comparing the medians of various
chemical and biological parameters of the west, central and eastern zones of
Florida Bay. Asterisks indicate significant differences in the medians.

Comparison Significance
West-Central
*

Test
Statistic
113595

P- Value
0.000

NOx

Central-East
West-East
West-Central

336563
209390
152224

0.000
0.000
0.000

NH4+

Central-East
West-East
West-Central
Central-East
West-East
West-Central
Central-East
West-East
West-Central
Central-East
West-East
West-Central
Central-East
West-East
West-Central
Central-East
West-East
West-Central
Central-East
West-East

140401
329755
141606
90019
254356
329176
66703.5
172663
329176
150669
243305
85334
94061.5
122135
132304
132661
292154
88983.5
80978
114070

0.300
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.002
0.000
0.020
0.000
0.000
0.000
0.650
0.000
0.179
0.000
0.000

Parameter

TON

TOC

SRP

TP

DIN:SRP

Chl a

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
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